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GAS-COMBUSTION RE'fOR'l'ING - AN INVES'fIGATION 01" 

THE PO'fENTIAL AND LHU'rNfIClJS 

This is the fourth in a series of seven final sUInmary reports 
covering specific research programs performed under the auspices 
of the Initial Program at Anvil Points. A Eingle final rep0rt 
containing a summary of the most important findings and con­
clusions related to the entire InitIal Program will also be' 
issued. 
An extensive pilot-plant research program \laS carried out to 
provide a better understanding of the Gas-Combustion Retorting 
process during both Stage I and Stage II of the Initial Program. 
Z·Iechanisms which limit both process operability and yield were 
defined and are described herein. 
During Stage I of the program, yields of 88 to 93% Fischer 0P~ 
Assay were demonstrat~d at 500 Ib/{hr) (ft2) shale rnte, using v ~ 
small narLowly screened shale fractions, in the pmallest and 
intermediate-sized pilot retort.s. Shale throughputs were 1);. 
scaled up about five-fold from Retort No.1 Retort No.2.to 
t\ 
I 
" I ~'.J 
,'\ 'J 
~During Stage II, the largest unit, Retort No.3, was extensively &J 
modified and operated at shale throughputs as high as 360 TPD ­
a further scale-up of about six-fold. Retorting yields and shale 
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• 	 Yi~lds of 87% Fischer Assay at a shale 2ate of 400 lb/(hr) (ft2) 
and 83% Fischer Assay at 500 lb/(hr) (ft ) shale rate, charging 
1- to 2 1/2-inch shale (03% of mine run ground to minus 2 1/2 
inch) • 
Yields of 86% Fischer Assay at 300 lb/(hr) (ft2) shale rate 
and 82.5% Fischer Assay at 500 1b/(hr) (ft~) shale rate, 
charging 1/4- to 2 1/2-inch shale (96% of mine run ground 
to minus 2 1/2 inch). 
Yield of 89% Fischer Assay at a shale rate of 300 1b/(hr) (ft2) 
charging 1/4- to l-inch shale (12% mine run ground to minus 
2 1/2 inch). 
For comparison, the results previously achieved by the U. S. Bureau 
of Mines in a retort of identica.l cross-sectional area are summarized 
belov1: 
Yield of 83% Fischer Assay at a shale rate of 300 Ib/(hr) (ft2) 
charging 3/8- to 3-inch shale (95% of mine run ground to minus 
3 inch). 
Yield of 85% Fischer Assay at a shale rate of 300 1b/(hr) (ft2) 
charging 1- to 2-inch shale (60% of mine run ground to minus 
2 1/2 inch). 
Studies in these three progressively larger pilot retorts demonstrated 
that the process is operable within certain limits, once the proper 
combination of mechanical design and process conditions is arranged 
for each scale. The process with large shale particles (1 to 2 1/2 
inch) appears to be scalable to sizes larger than Retort No.3. 
However, with wide range (1/4 to 2 1/2 inch) and small shale (1/4 
to 1 inch), increasing difficulties with operability were experienced 
as the retort cross section was increased. Scale-up for the wide 
range or the small particle sizes would not be recommended without 
additional work. 
Future research should be directed toward overcoming some or all 

of the basic limitations in yield and operability encountered with 

the Gas-Combustion n(-~tort. This work, if successful, should be 

follm\'ed by construction and operation of a commercial-scale 

prototype retort element. Alternative processes should be ihvesti ­

gated for processing shale sizes smaller than 1/4 to 1/2 inch. 

Yours truly, 
1~1' (\. ,.~ I'=J V\ tV.f:/'t.V\.,~ 
R. H. Cramer 
Program Hanager 
• • • • • • • • • • • • • • • • • • • • • • 
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INTRODUCTION 
The former U. S. Bureau of r'.iines facility at Anvil 
Points, near Rifle, Colorado, was reactivated starting in f1ay 
1964 and was operated during 1965, 1966, and 1967. A research 
and development program was conducted to investigate the tech­
nical feasibility of room-and-pillar mining with explosives, 
crushing and Gas-Combustion Retorting techniques for oil shale. 
Mobil Oil Corporation acted as Project 11anager for the coopera­
tive industry group at Rifle which included Continental Oil 
Company, Humble Oil & Refining Company, Pan American Petroleum 
Corporation, Phillips Petroleum Company, and Sinclair Research, 
Inc. as Participating Parties. Costs of the Rifle operation 
were shared equally by the six participants. Each Participating 
Party was represented by personnel on the technical staff. The 
Colorado School of Mines Research Foundation, Inc. acted as 
lessor-of-record and supplied nontechnical personnel for 
administrative and logistic support. 
The planned research program at Rifle consisted of 
two l8-month stages~ Stage I, to determine retorting feasi­
bility in small-scale pilot plant equipment and to provide 
information as to whether or not to continue the Rifle program, 
Stage II, to operate large-scale pilot plant equipment to 
develop information for scale-up to commercial-size retort 
elements and to conduct mining and crushing research. Because 
of technical difficulties with the retorting process, Stage I, 
which was initiated in 1-1ay 1964, was extended by six months. 
These technical difficulties were resolved and Stage II commenced 
in April 1966. Experimental work was concluded in September 1967. 
The final reporting from the Anvil Points project has been 
structured in pyramidal fashion. Reporting for three levels 
of interest has been implemented~ 
• 	 General Management Summary - a single volume summary report 
covering the entire project. 
• 	 Technical Management Summary - seven reports, each summarizing 
work in a specific area, i.e. mining, crushing, retorting, 
mechanical models, mechanical engineering, analytical 
laboratory, and economics. 
• 	 Technical Detail - the mass of data transmissions, Honthly 
Progress Memoranda, Technical Memoranda, Weekly Newsletters, 
Technical Advisory Committee and Technical Observer presen­
tations comprise reporting for this level. 
This is the Technical Management Summary report dealing with 
retorting. 
1 
Oil shale is composed largely of host rock (marlstone), 
containing varying amounts of kerogen, a solid high molecular 
weight hydrocarbon. Shale richness is usually determined by a 
technique known as the Fischer Assay. Kerogen decomposes on 
heating to a mixture of lONer molecular ''leight hydrocarbons, 
termed shale oil. The rate of kerogen decomposition is signifi­
cant at 700 F and becomes fairly rapid at 900 F. Thus, an oil 
shale retorting process is merely the application of heat, by 
one means or another, to effect thermal decomposition of kerogen 
contained in oil shale particles. The Fischer Assay yield of 
the process is the percentage by volume of oil recovered as 
related to the Fischer Assay of the raw shale charged. 
A shale oil production facility will integrate the 
separate functions of mining, crushing, and retorting of oil shale. 
The amount of shale to be mined and crushed and overall costs 
of these functions will be determined by the yield of shale oil 
per ton of shale retorted (Fischer Assay of the shale times the 
Fischer Assay yield) and the percentage of mine run shale ulti­
mately charged to retorting. Thus the oil yield of the retorting 
process used, its applicability with respect to shale particle 
size, and tolerance to shale richness are important factors in 
its selection. 
Retorting cost, as opposed to overall production cost, 
is largely a function of shale throughput relative to the invest­
ment cost of the retort. For this reason, high throughput rates 
and/or low investments are desirable, and some losses in oil 
yield can be tolerated in order to achieve them. The Gas­
Combustion Retorting process has the potential of providing a 
relatively low investment per ton of shale throughput, with mod­
erate disadvantages in yield over that of other processes. There­
fore, it is one possibility for commercial application. Retorting 
cost with the process is estimated at about 50 ¢/bbl of oil 
production; whereas overall production cost will be about 
$2/bbl (1). 
The Gas-Combustion Retorting process was developed 
and initially operated by the United States Bureau of l1ines at 
its Anvil Points experimental facility. The process is conducted 
in a vertical shaft kiln, with continuous gravity flow of shale. 
Heat is applied to the shale by gas, which is heated by combustion 
within the shale bed of a portion of the carbon residue on the 
retorted shale and product gas. Liquid product is removed from 
the retort top as a mist suspended in the offgas. Retorted shale 
is cooled by a stream of recycled product gas. Thus, heat libera­
tion requirements are low, and no external source of fuel is 
required. The process is mechanically simple in its application, 
(1) See references listed in Bibliography. 
2 
this fact being its most attractive feature. Experimental ~~lork 
on the process by the Bureau of r-lines was curtailed in 1955, 
before complete resolution of all the problems in its application 
had been obtained. 
The overall objective of the retorting research program 
conducted by the Participating Parties was to define and understand 
the Gas-Combustion Retorting process in sufficient detail so as 
to permit scale-up, if possible, to a retort cross section of 
commercial proportions. An important sub-objective in guiding
the program was obtaining high oil yields and shale throughputs, 
since these two factors will largely determine overall cost of 
shale oil production. The strategy used in accomplishing these 
objectives was first to develop shale processing technology in 
small-scale pilot retorts and in mechanical model simulations, 
including the response to process and mechanical design factors. 
The technology so developed was then applied to the design and 
operation of a large retort, with a capacity of up to 500 TPD 
of shale throughput. 
During Stage I of the program, economic studies, based 
on yields and shale rates which could be achieved, indicated that 
lower costs in shale oil production could be realized by dividing
the crushed shale to be retorted into two narrow fractions (1/4 
to 1 inch and 1 to 2 1/2 inch), rather than processing 'Jvide range 
shale (1/4 to 2 1/2 inch). For this reason, the Stage II program
planning was aligned so as to demonstrate economic optimum 
operations and scale-up feasibility on all three of the above 
shale sizes. Results of these scale-up attempts, together with 
the retorting technology developed, are discussed in this report. 
3 
SU~~Y AND CONCLUSIONS 
Retorting research conducted during Stages I and II 
of the program provided a better understanding of the Gas­
Combustion process. Results of this work and major conclusions 
derived from it are summarized below. 
A. Performance of the Gas-Combustion Retort 
Studies in progressively larger retorts demonstrated 
that the process is operable within certain limits, once the 
proper combination of mechanical design and process conditions 
is arranged for each scale. The process with large shale particles 
{I to 2 1/2 inchr-iPpears to be scalable. However, with wide 
range (1/4 to 2 1/2 inch) and small shale (1/4 to 1 inch), 
increasing difficulties ~ operability ~ experienced as the 
retort cross section was 1ncreased. Addit10nal work will De 
necessary before scali=Up of tne process with either wide range 
or small shale could be recommended. 
During Stage I of the program, yields o~ 88 to 93% 
Fischer Assay were demonstrated at 500 lb/{hr) (ft ) shale rate 
using small, narrow fractions of shale in the smallest (cross­
sectional area of about 2 square feet) and intermediate size 
(10 square feet) retorts. 
During Stage II of the program, Retort No. 3 (60 square
feet), was placed in operation, charging up to 360 TPD. Satis­
factory operability was achieved with three shale fractions. 
Yields with a large size shale (I to 2 1/2 inch) were essentially 
equivalent to that predicted from pilot-scale equipment, and 
target shale rates were also achieved. Target shale rates were 
achieved with wide range shale (1/4 to 2 1/2 inch), however, 
yields were about 4% Fischer Assay lower than had been realized 
in pilot-scale equipment. Yields with small size shale were 
about 2% lower than in pilot-scale equipment, and shale rate 
achieved was only 60% of target. More specifically, yields and 
shale rates achieved in the operation of Retort No. 3 are as 
follows: 
• 	 Yield of 87% Fischer Assay at a shale rate of 400 lb/

(hr) (ft2) and 83% Fischer Assay at 500 Ib/{hr) (ft2) shale 

rate, charging 1- to 2 1/2-inch shale (83% of mine run 

ground to minus 2 1/2 inch). 

• 	 Yield of 86% Fischer Assay at 300 Ib/{hr) (ft2) shale rate 

and 82.5% Fischer Assay at 500 lb/(hr) (ft2) shale rate, 

charging 1/4- to 2 1/2-inch shale (96% of mine run ground 

to minus 2 1/2 inch). 
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• 	 Yield of 89% Fischer Assay at a shale rate of 300 lb/(hr) (ft2), 
charging 1/4- to l-inch shale (12% of mine run ground to 
minus 2 1/2 inch). 
By way of comparison, the results achieved by the 
U. S. Bureau of liines in a retort of identical cross-sectional 
area are summarized below: 
• 	 Yield of 83% Fischer Assay at a shale rate of 300 lb/(hr) (ft2), 
charging 3/8- to 3-inch shale (95% of mine run ground to 
minus 3 inch). 
• 	 Yield of 85% Fischer Assay at a shale rate of 300 lb/(hr) (ft2), 
charging 1- to 2-inch shale (60% of mine run ground to minus 
2 1/2 inch). 
Estimated percentages of mine run shale charged in each of the 
above cases are based on best current data with regard to crusher 
product size distribution (2) and screen analyses of the shale 
actually charged to retorting. 
B. Postulated Mechanisms in the Operation of the Process 
Operability limits of the process are imposed by the 
formation of massive clinkers (aggregates of fused shale particles) 
at the air distributor. It has been postulated that the root 
cause of the clinkers is the formation of carbonaceous agglomerates
via revaporization of oil from oil, dust, and shale particle 
mixtures in the retorting zone above the air distributors. Oil 
is present in the retort bed as a result of the impaction of oil 
mist on shale particles. Dust is present as a result of shale 
decrepitat~on. Special retort studies have confirmed the presence 
of both these materials in operating retorts. Laboratory studies 
have shown that dry, hard agglomerates can be produced from oil ­
solid mixtures at temperatures above 800 F. Clinkers are produced 
from agglomerates wedged into air distributor hardware by fusion 
of inorganic matter at the intense temperatures generated at the 
air distributor. 
Oil yields obtained in the process are limited primarily 
by three factors. The most significant of these is loss of 
hydrocarbons as vapor in the large volume of product gas. Bench 
scale studies have indicated that generation of approximately 115% 
of Fischer Assay in normally liquid hydrocarbons should be possible;
however, vapor losses of the lighter hydrocarbons limit maximum 
actual recoveries substantially below this level. Another signifi ­
cant loss is to coke and gas via cracking of oil product, this 
loss is caused by inadequate time-temperature relationship in 
retorting the shale, which in turn is governed by process conditions 
and shale size. Minor losses in yield may be incurred as a result 
5 
of retorting in the presence of dust or revaporization of liquid 
product due to refluxing. The combined effect of all these losses 
limits maximum attainable yield of the process to about 93 vol % 
Fischer Assay with current technology. 
Increased shale assay up to the operability limit 
increases Fischer Assay yield, even at constant retorting con­
ditions, since hydrocarbon losses with the product gas tend to 
be constant in gallons per ton. 
C. Influence of Process Factors on Operability and Yield 
Process factors definitely influence operability; 
however, they interact in a very complex fashion, and quantitative
relationships regarding their bearing on operability have not 
been established. The individual effect of each variable is 
postulated to be the result of the influence of the variable on 
mist impaction and/or dust holdup in the shale bed; in any event, 
the following general responses were established in actual retort 
operations. 
• 	 The process is gas rate limited; i.e., operability failure 
can always be induced by raising gas rates above some value. 
• 	 Gas rate limitation is a function of the other process 

variables as well as retort mechanical design. 

• 	 Shale rate interacts with gas rate in a complex manner, such 
that the maximum operable gas to shale ratio decreases rather 
slowly as shale rate is increased. 
• 	 Operability becomes more difficult as shale size is decreased. 








The foregoing responses result in the operability limits of 
process variables, which have been determined in a number of 
cases and are presented in detailed discussion. 
Another type of operating limit is imposed by the 
heat requirements of the process. An excess of fuel is available 
within the bed~ therefore, heat liberation is controlled by 
rate of oxygen input with the air. The heat requirements and 
therefore air rates are largely a function of two factors: 
(a) carbonate decomposition which occurs at heat liberation 
levels necessary to effect complete retorting of shale, and 




heat losses with the retorted shale are a function of recycle 
gas rate. Probable operating limits of air versus recycle gas 
rate have been determined and are outlined in the report. 
Startup of the process and transition from one set 
of process conditions to another are critical steps in the 
operation of a Gas-Combustion Retort. 
Oil yield is influenced by process factors, primarily 
as a result of the influence of these factors on retorting time­
temperature relationships. Analysis of retort data with regard 
to oil yield indicates the following responses to process factors 
within operable limits~ 
• 	 Yield decreases as shale size is increased. 
• 	 Yield decreases as shale size range is increased. 
• 	 Yield increases as gas rate is increased. 
• 	 Yield decreases as shale rate is increased. 
• 	 Yield increases as shale assay is increased. 
Equations for yields as functions of process variables have 
been developed and are presented in the report. 
D. Influence of Mechanical Design on Operability and Yield 
Throughout the research program, it was found that 
mechanical desi9n factors had si9nificant effects on retort 
operability. Most of these eflects can be traced to the influence 
of these factors on shale or gas flow and related thereby to the 
basic causes of poor retort operability. The most critical factor 
is air distributor design. Although design of air distributors 
is still not completely defined, the following general guidelines 
were developed as a result of retort experience. 
• 	 Restrictions of cross-sectional area at the point of air 
injection should be minimized so as to minimize gas velocities. 
More specifically, the distributor should be of the riser, 
rather than the horizontal type. 
• 	 Risers should be mounted directly over horizontal headers 

running the full length of the retort bed, with no inter­

vening manifolds to disrupt shale flow or accentuate the 

possibility of lodging agglomerates. 

• 	 Restriction of the bed cross section by the headers should be 
minimized so as to minimize interference with shale and gas
flow. 
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• 	 Spacing of risers along the headers and spacings between 
headers and between headers and walls should be governed 
by the needs for shale flow and air penetration, as deter­
mined in mechanical model studies. 
Location and orientation of the recycle gas d~stributors 
with respect to air headers was found to influence operability. 
Improved operability was obtained in the large retort by placing 
recycle gas distributors, oriented on an axis parallel to the 
air headers, in a vertical line with the air headers. This 
provided minimum effect of the interaction of these members on 
shale flow. Other arrangements of parallel recycle gas dis­
tributors and headers, provided they are symmetrical, would 
probably prove satisfactory; however, it is recommended that a 
proposed arrangement be tested in models before being utilized 
in retort design. The safest course with regard to recycle gas
distributor orientation is to place them on an axis perpendicular 
to that of the air headers, thus eliminating problems of symmetry 
and providing minimum opportunity for gas channeling, although
this choice may increase design complexity. 
Air distributor design was found to affect yield as 
well as retort operability. To achieve complete retorting of 
shale, air distributor spacings should be arranged so as to 
apply sufficient temperature to each particle. Spacings defined 
by air penetration studies in mechanical models were found to be 
adequate for this purpose. Because of shale flow considerations, 
a compromise of air distribution requirements was found necessary
with 1/4- to I-inch shale to provide good operability in Retort 
No.3. 
E. Effects of Process Variables on Retort Temperatures, 
Bed Height Requirements, and Pressure Drops 
Process variables have significant influence on 
temperatures within the shale bed. An equation relating these 
effects quantitatively has been formulated for describing tempera­
ture as a function of bed height above the air distributor. 
Bed height requirement above the air distributor to 
achieve low offgas temperatures is also a function of the process
variables and may be derived from the temperature equation. 
Bed height requirements (and retort temperatures) exhibit the 
following responses to the process variables~ 
• 	 Increase as the shale size is increased. 
• 	 Increase as shale rate is increased. 
• 	 Increase as gas rates are increased. 
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To achieve maximum heat recovery and shale cooling, 
certain bed heights below the air distributor are required. An 
empirical equation, depending primarily on raw shale size, has 
been formulated and is suggested for retort design of shale 
cooling zone height. 
Retort pressure drops were found to exhibit rather 
unexpected relationships to the process variables. These 
relationships are believed to be the result of shale decrepita­
tion, mist impaction, and the influence of shale size range on 
void fraction. The influence of temperature variations with 
bed height on the relationships of pressure drops to the process 
variables is also apparent. 
F. Process Limitations and Areas for Future Research 
The maximum yield which can be recovered with the 
present Gas-Combustion process is about 93% Fischer Assay. The 
economic optimum yield probably is 85 to 90%. Shale rates higher 
than 500 lb/ (hr) (ft2) may be operable,' hm'lever, e~onomic forces 
probably will limit the optimum to 500 lb/(hr) (ft ) or lower. 
The minimum shale size which can be processed with current tech­
nology is 1/4 inch. A larger initial shale size, say 1/2 or even 
3/4 inch, may be necessary to avoid operability problems with a 
large retort. The maximum shale size is not limited by operability, 
but will probably lie between 2 and 3 inches because of economic 
considerations. The maximum shale assay to which the process 
is applicable with current technology has not been defined. 
Satisfactory operations with raw shale Fischer Assays of up to 
about 30 gal/T were conducted with both the more difficult sizes, 
1/4- to l-inch and 1/4- to 2 1/2-inch shales, in Retort No.3. 
The most pressing need for future research \'lith the 
Gas-Combustion Retorting process is to overcome some or all of 
the basic limitations in yield and operability currently 
encountered with the process. This objective can best be 
accomplished by development of quantitative relationships of the 
bearing of process and mechanical design factors on the mechan­
isms which influence operability. Other shale retorting processes, 
including modifications to the Gas-Combustion Retort, may be 
attractive future research projects. An example of such a 
modification is the installation of facilities to remove liquid 
from the retort bed, which was investigated in the final weeks 
of the research project. 
Since formation of carbonaceous agglomerates is 
postulated to be the basic cause of operability problems and 
oil is a necessary ingredient to the formation of agglomerates, 
it was further postulated that removal of the oil \'lould prevent 
agglomeration and solve operability problems. The concept was 
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applied successfully in a very small retort, but application to 
the largest pilot unit, Retort No.3, met with only limited 
success. Therefore, no definite conclusions can be drawn as 
to the applicability of this concept to large-scale retorting. 
Many ideas with regard to process improvements or 
alternate processes have been advanced~ screening of these ideas 
for future research is beyond the scope of this report but should 
be based on the potential of the process to overcome the basic 
limitations of the Gas-Combustion process. Alternative processes 
should be investigated for processing shale sizes smaller than 
1/4 to 1/2 inch. 
10 
DETAILED REPORT 
A. Description of the Gas-Combustion Process 
1. Function of the Retorting Plant 
The function of the retorting process in an oil 
shale complex is to recover oil from the shale which has been 
previously mined and crushed. The efficiency with which this 
objective is carried out can have major influence on the cost 
of oil production. Loss of yield in retorting not only creates 
higher costs in retorting itself but also causes higher mining
and crushing costs, since more shale must Se produced and 
processed to achieve production goals. 
The amount of shale which must be mined, crushed, 
and retorted by the integrated facility to achieve a fixed 
production of shale oil is governed by the following factors~ 
• 	 Fischer Assay of the shale charged to retorting. 
• 	 Retorting yield as volume percent of Fischer Assay. 
• 	 The percentage of shale mined and crushed ultimately

charged to retorting. 

From the standpoint of overall mining and crushing costs it 
is desirable to charge shale of the maximum tolerable richness 
to retorting. It is also desirable to produce maximum Fischer 
Assay yield. These two factors determine the retorting yield 
as gallons per ton of raw shale charged. 
The percentage of shale mined and crushed which 
can be charged to retorting depends upon the range of particle
sizes to which the retorting process is applicable. Gas-Combustion 
Retorting does not appear applicable to particle sizes less than 
1/4 inch. This material would have to be rejected or subjected 
to another, perhaps more costly, process. Production of minus 
1/4 inch is governed by the maximum particle size produced in 
crushing, increasing as the maximum size is reduced. Crushing 
costs also increase slightly with decreased particle size. On 
the other hand, retorting yields decrease as the maximum particle 
size retorted is increased. The maximum particle size and per­
centage of mine run shale ultimately charged to the primary 
retorting process will therefore be the result of an economic 
balance. 
With the Gas-Combustion process, Fischer Assay 
yield can be increased slightly by reducing shale rate to the 
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process. Reductions in shale rate increase retortini costs, but 
reduce mining and crushing costs by improving retort ng yieldS:­
Shale rates usea-in retorting will therefore be the result of an 
economic optimization, considering the costs in all three 
functions of the facility. 
The foregoing discussion serves to illustrate 
that the major features of a shale oil production facility will 
be the result of a delicate economic balance between the costs 
of the various functions. Also, the efficiency with which 
the retorting function is accomplished will have major impact 
on production needs and costs of the other functions as well 
as on overall production costs. 
2. Process Description 
The Gas-Combustion Retorting process is characterized 
by its use of continuous gravity flow of shale, direct gas-to­
solids heat exchange, and heat supply by internal combustion. 
The essentials of the process are illustrated in Figure 1. The 
retort is a vertical, refractory-lined shaft equipped with 
shale- and gas-handling devices. It is convenient to divide 
the retort into four functional zones, although there is no 
physical separation and no definite dividing line between these 
zones. 
Crushed and sized shale moves downward as a bed 
through the retort vessel, passing through the product cooling 
zone where the solid particles are heated almost to retorting 
temperature by the rising gases from the retorting zone. It 
then passes downward into the retorting zone where the organic 
matter is decomposed by heat to liberate oil vapor and gas. 
A carbonaceous residue from this reaction remains as part of the 
retorted shale particles. The retorted shale next proceeds to the 
combustion zone, where the sustaining heat for the process is 
produced by burning the organic residue on the shale plus a part 
of the product gas which is returned to the system. From this 
hot zone, the shale moves down through the heat recovery zone 
where its heat is transferred to the rising stream of recycle gas. 
The cooled, spent shale is discharged from the retort mechanically 
at a controlled rate, which governs the retort throughput. 
Recycle gas is injected at the bottom of the 
vessel and rises through the spent shale in the heat recovery 
zone. In effect, this zone is a simple countercurrent, gas-to­
solids heat exchanger. An air distribution device is located 
near the center of the retort where air is injected. The air is 
heated quickly by the hot spent shale~ reaction of the oxygen 
with combustibles produces a hot flue gas. The hot flue and 










the retorting zone, and the solids are heated enough to effect 
thermal decomposition of the kerogen in the shale, as well as 
some of the mineral carbonates present. The liberated gases and 
oil vapors, commingled with the upward rising gas stream, are 
cooled by the entering raw shale. In the product cooling zone, 
the gas stream is cooled below the dew point of the oil, which 
then condenses as a fine mist or fog and is carried out of the 
top of the retort. Both the retorting and product cooling 
zones are, in effect, countercurrent gas-to-solids heat exchangers. 
However, their function is complicated by retorting reactions and 
by oil condensation. 
The overhead stream from the retort passes first 
through oil-mist separators to recover the shale oil. The oi1­
lean gas then enters a blower from which it leaves at higher 
pressure and is divided into two streams. One part (recycle gas) 
enters the bottom of the retort, and the remainder (net product 
gas) is vented from the system. 
Another feature of the process, practiced 
extensively by the U. S. Bureau of Mines, is the possibility of 
the addition of dilution gas (either recycle gas or some material 
produced externally, such as flue gas) to the air stream entering 
the retort. This stream may be added for the purpose of decreas­
ing burning rates in the combustion zone, thereby decreasing
maximum localized temperatures. In the research program dilution 
gas was used infrequently and only in very special circumstances. 
A typical material balance and pertinent temperatures 
for the process are shown in Table 1. 
TABLE 1 
TYPICAL GAS-COMBUSTION RETORT HATERIAL 
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Typical stream analyses for the process are presented in 
Appendix 1. In a~dition to decomposition of the kerogen, 
various other reactions within the retort, such as drying of 
the shale, evolution of gas from cracking organic matter, and 
production of carbon dioxide from decomposing mineral carbonates, 
contribute to the difference in weight between raw and spent 
shales. These reactions also result in an expansion of product 
gas over that of air input by about 2500 SCF/T. 
The reactions within the Gas-Combustion Retort 
are complex. Numerous combustion and related reactions are 
possible among the various gases, liquids, and solids present. 
These materials include air, carbon dioxide, carbon monoxide, 
hydrogen, water vapor, hydrocarbon gases, shale oil and bitumens, 
carbon, and various sulfur- and nitrogen-bearing materials, in 
addition to many minerals. 
Most retorting studies were made at shale rates 
between 300 and 500 lb/(hr) (square foot of retort bed area).
This is equivalent to a shale bed movement of about four to seven 
feet per hour. The studies were also conducted at atmospheric 
pressure at an elevation of about 6000 feet above sea level 
(12 psia). Retort pressure has some influence on the process 
and even greater effect on the gas blower and piping requirements. 
Commercial retorts may operate at even higher elevations and 
lower pressures. 
The Gas-Combustion process is notable for its 
high thermal efficiency. Because a large part of the sensible 
heat of the retorted shale is recovered, it is necessary to add 
only about 450,000 Btu/T of shale. This low heat requirement is 
a distinct advantage, because it may be met by combustion of the 
easily burned portion of the carbonaceous residue near the 
surface of the retorted shale particles, and by combustion of 
a part of the gas. There is no indication that combustion rates 
limit the capacity of the Gas-Combustion process. 
The endothermic carbonate decomposition reactions 
absorb about 170,000 Btu/T of shale under normal retorting
conditions. Thus, the presence of mineral carbonates helps 
dissipate excess heat, when processing difficulties might other­
wise result in temperatures high enough to cause severe fusion 
of shale. Gas temperatures in excess of 2000 F can be readily 
measured in the vicinity of an air inlet; however, carbonate 
decomposition tends to limit the maximum shale temperature in 
normal operations to about 1600 F, several hundred degrees below 
the fusion point of the inorganic matter that is present. 
The mechanical simplicity of the Gas-Combustion 
Retort is a particularly advantageous feature. The retort vessel 
is simple, and both gas and shale distribution devices are 
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stationary. Raw and spent shale handling presents few problems 
because of the low temperatures and mechanical forces involved. 
The air distributor at the combustion zone is the most critical 
part of the system, and this requires special considerations in 
design, arrangement, material selection, and operating technique. 
3. Pilot Retorts 
Three pilot retorts, differing in size and other 
features, were used in the research program. The first and 
smallest of these, Retort No.1, is a cylindrical 20-inch diameter 
vertical shaft of stainless steel construction. The second, 
Retort No.2, is a rectangular, refractory-lined vessel with 
inside dimensions of 28 by 48 inches (ca. 10 square feet cross­
sectional area). The third and largest of the pilot units used 
was Retort No.3, which is a refractory-lined vessel of rectangu­
lar dimensions, 6 by 10 feet. Further details regarding design 
and construction of this equipment are presented in the Technical 
Management Summary regarding mechanical engineering (2). Iso­
metric sketches of the retort vessels and flow diagrams for the 
process as applied in each of the pilot retorts are presentea 
in Appendix 2. 
Retort No. 1 was used primarily for exploratory 
studies to determine the approximate operating boundaries of the 
process, to establish and confirm experimental procedures, and 
to investigate the effects of various modifications to the 
process. 
Retort No. 2 was employed to define the effects 
of process variables on retorting yields and operability. The 
effects of various mechanical design factors on the process were 
also determined in this unit. Guidance developed in these 
retorting studies, together with mechanical model and economic 
studies, were utilized to determine the mechanical design and 
process conditions to be demonstrated in Retort No.3. 
Retort No. 3 was originally intended as a 
demonstration unit, to be used merely as a facility to demonstrate 
the scalability of the Gas-Combustion process with regard to 
mechanical design, process conditions, and yields. Operating 
difficulties with some shale sizes later led to its use for 
further exploration of mechanical design and process factors in 
attempts to improve the operation. 
B. Performance of the Gas-Combustion Retort 
As outlined in a subsequent section of this report, the 
operability limits of the process are imposed by formation of 
massive clinkers (aggregates of fused shale particles) at the 
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air distributor, which interfere with shale and gas flow, 
ultimately leading to shutdown of the operation. It is believed 
that clinkers are formed by a rather complicated series of events, 
which occur in the upper section of the retort and involve oil 
impacted from mist in the gas, dust produced from decrepitation of 
shale, and larger shale particles. Generation of this failure 
mechanism is influenced by both process and mechanical design 
factors; therefore, obtaining good operability depends upon 
proper selection of the process variables and retort mechanical 
configuration. 
Performance as measured by oil yield is also responsive 
to the process variables and mechanical design. In general,
directional changes to generate higher yields cause a relative 
decrease in operability. Performance of the process in total 
therefore represents a compromise between operability and yield.
Results of process performance in a number of specific instances, 
together with the trends observed as the process was progressively 
scaled-up, are presented in subsequent discussion. 
1. Demonstration Runs During Stage I 
One of the objectives of the Stage I research 
program was to determine retorting feasibility in small-scale 
pilot units. Therefore! in order to develop confidence in the 
viability of the process, demonstration runs were conducted in 
both Retorts No. 1 and No.2. Results of these runs are summar­
ized in subsequent sections. 
a. Retort No.1 
Results from a five-day demonstration period
during Run 454, conducted during January 1965, are presented in 
Table 2. This demonstration was conducted at 500 lb/{hr) (ft2) 
shale rate on 1/4- to 3/4-inch shale averaging 26.8 gal/T Fischer 
Assay. The other process conditions selected had been developed 
in prior exploratory studies. The operation during this period 
was entirely stable, and the relatively good reproducibility of 
results indicated that operability was very good during this 
period. 
As will be noted, the operation produced 
very high yields (ca. 93%) during this period. Material balances 
and component balances were very close to 100%, indicating that 
the yield estimate was accurate. Offgas temperatures and bed 
pressure drops were very stable, also indicating a very good 
operation. 
This operation was accomplished at a shale 
rate nearly twice as high as employed by the U. S. Bureau of 




STAGE I DEHONSTRATION RUNS 

Run Number 
Run Duration, days 
Nominal Shale Size Range, inches 
Process Conditions 
Shale Rate, fb/Chr) Cft2) 
Air Rate, SCF/T 
Recycle Gas Rate, SCF/T 
Fischer Assay, ga1/t 
Bed Height Above Air Distributor, feet 
Bed Height Be1mV' Air Distribut0r, feet 
Operating Data 
-CYffgas--Temperature, F 
Spent Shale Temperature, F 
Average Pressure Drop, inches H20/ft 
Products Recovered 
~i1 yreld, vol % Fischer Assay 
Dry Gas, SCF/T 
Water Produced, 1b/ton 
Spent Sha~~J>Jopert~es 
Fischer Assay, gal/ton 
Organic Carbon, wt % 
Retort No. 1 
454 
5 
















































internal hardware used by the Bureau of Mines was in the air 
distributor. The Bureau of Mines had employed a centrally 
located "rocket" type distributor, which constricted retort 
area by about 10% at the air inlet (4). Prior exploratory work 
with the latter had indicated it was not susceptible to operations 
at high shale rates. Therefore, it was replaced with a distribu­
tor which allowed most of the distribution points to be located 
at the periphery of the retort and minimized the constriction of 
the retort cross-sectional area. This change apparently was 
responsible for the excellent results achieved in Run 454. 
Details of operations during Run 454 are presented in a technical 
memorandum (5). 
b. Retort No.2 
Results from a typical period of a 14-day
demonstration run (BS17) conducted during February 1966 are 
also presented in Table 2. This demonstration was conducted 
at 500 lb/(hr) (ft2) shale rate on 3/4- to 1 1/2-inch shale 
averaging 29.1 gal/T Fischer Assay. Other process conditions 
employed were those found in prior exploratory studies to maxi­
mize yields on this particular shale size. The operability of 
this run was considered excellent. Gas rates employed were 
considered to be optimum for long-term processing of this shale 
fraction. As a matter of fact, somewhat higher gas rates had 
been employed during the earlier parts of the operation, but 
erratic behavior of pressure gradients in the retort indicated 
that the operation was becoming unstable. Therefore, gas rates 
were reduced, and those finally employed are considered the maximum 
allowable for this shale rate and shale size. At the cUlmination 
of this run, the retort internals were in-eicellent condition. 
In exploratory studies leading up to this 
demonstration run, several significant changes in retort internals 
from those employed by the Bureau of nines had been found 
necessary or desirable. These are listed belo\,l. 
• 	 The air distributor was changed from a horizontal type, 

which restricted retort cross-sectional area at the air 

inlet by about 20%, to a riser type, which restricted 

retort cross section at the air inlet by only 2%. 

• 	 The tapered walls employed by the Bureau of rUnes in the 
retort section above the air distributor were replaced with 
straight-sided walls to minimize constriction of area and 
gas velocities at the top of the shale bed. 
• 	 The retort section above the air distributor was lined with 
stainless steel. 
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The first two changes are considered to be 
the most significant factors in the improvement in results 
achieved. The liner: which was installed to improve shale flow 
in the upper section of the retort, was considered "insurance" 
rather than a necessary factor in the operation. 
Yields obtained during this run, while not 
as high as those obtained in Run 454 because of the larger 
particle size, are near the maximum expected for this shale size 
and rate. Material balances and special analytical studies 
made in the course of the run lend confidence to the yield 
estimate. Details of Run B817 have been previously reported in 
a technical memorandum (6). 
2. Operations During Stage II 
Based on the encouraging results of Stage I, 
particularly Run B817, Stage II of the program was initiated 
to demonstrate scale-up of the process to a larger pilot retort. 
During reconstruction of Retort No.3, short demonstration runs 
were conducted on Retort No. 2 using three shale sizes, 1/4 to 
1 inch, 1 to 2 1/2 inch, and 1/4 to 2 1/2 inch, to provide base 
point data for later comparison with similar operations in 
Retort No.3. Details of these demonstration runs were reported 
in a technical memorandum (7). A comparison of results with each 
of the shale sizes on Retorts No. 2 and 3 is presented in subse­
quent sections. 
a. Performance With 1- to 2 1/2-Inch Shale 
Retort No. 3 operations were initiated on 
1- to 2 1/2-inch shale. Experience during Stage I had indicated 
that large sizes of shale provide more stable operating character­
istics and thus would provide the most freedom from process prob­
lems during shakedown of the mechanical components of the retort. 
Prior to initiation of the operation, the retort had been recon­
structed in accordance with the guidance developed during the 
retorting program of Stage I and in accordance with principles
of gas and shale flow developed in mechanical model studies. 
A detailed account of the original design is presented in the 
Technical ~lanagement Summary dealing with mechanical engineer­
ing (3). Specific studies leading to the c"'.esign utilized are 
covered in the Technical Management Summary dealing with 
mechanical models (8). 
A comparison of the performance of Retorts 
No. 2 and 3 on 1- to 2 l/2-inch shale is presented in Table 3. 
The Retort No. 2 operation was accomplished with essentially the 
same retort hardware as was used in Run B8l7, with one significant 
exception. The air distributor used employed four risers, rather 
than eight, to accentuate shale flow at the expense of air 
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TABLE 3 
STAGE II OPERATIONS WITH 1- TO 2 1/2-INCH SHALE 
Retort No.2 Retort No. 3 
Run No. _~9_~_~.._.__ C988 C990 
Duration, days 5 12 15 
Process Conditions 
Shale Rate, 1b/(hr) (ft2 ) 402 394 387 
Air Rate, SCF/T 4,650 4,480 4,650 
Recycle Gas Rate, SCF/T 15,100 15,100 14,800 
Fischer Assay, ga1/T 27.4 25.4 25.9 
Bed Height Above Air Dist., ft 12.5 12.5 12.5 
Bed Height Below Air Dist., ft 7.0 7.0 7.0 
Operating Data 
Offgas Temperature, F 136 137 136 
Spent Shale Temperature, F 270 302 376 
Average Retort !~ P, In. H20/ft 0.44 0.45 0.36 
Products Recovered 
Oil Yield, vol % Fi~cher Assay 88.1 86.8 87.2 
Dry Gas, SCF/T 6,100 5,800 6,000 
water Produced, 1b/T 65 
Mineral C02 Decomposed, % 35.1 35.2 26.8 
Spent Shale Properties 
Fischer Assay, ga1/T 0.2 0.3 0.4 
Organic Carbon, wt % 1.95 2.50 2.64 
Comparison of Predicted and 
Actual Yields 
Actual Yields . 88.1 86.8 87.2 
Predicted Yie1ds(1) 87.7 86.8 86.0 

















































(1) Based on regression analysis of Retort No.2 data 
'" f-' JELawson 
12/1/67 
distribution. An early adjustment in air rate to minimize oil 
in the spent shale was necessary, however, subsequent to that 
time the operability and yields were considered good. There 
were indications, however, that gas rates employed were near 
the limit of operability. 
Initial operations with this shale size in 
Retort No.3 included Runs C988 (12 days) and C990 (15 days).
These runs were fairly stable and operability was considered 
good in view of the mechanical difficulties which were encountered 
during the shakedown period. However, erratic behavior of 
pressure drops indicated that gas rates employed in C988 might 
be excessive, even though they were of essentially the same 
value as those used in Retort No. 2 operation. Both of these 
runs were terminated rather abruptly by development of clinkers 
on the air distributors. Both of these failures were later traced 
to causative factors. A malfunction of an instrument caused 
excessive gas rates to be employed for a short period in one 
case (Run C988), while, in the other (Run C990), accumulated 
raw shale fines were inadvertently drawn from the bottom of storage 
bin and charged to the retort. However, these failures indicated 
a lack of stability undesirable in the process. 
Subsequent to some attempted operations on 
1/4- to l-inch shale and 1/4- to 2 1/2-inch shale, a final 
evaluation run of a total of ten days' duration on 1- to 2 1/2­
inch shale was made. During this period Runs C1027 at 400 lb/
(hr) (ft2) shale rate and C1028 at 500 lb/(hr) (ft2) shale rate 
were accomplished. Earlier attempts to operate at 500 lb/(hr) (ft2) 
shale rate had met with little success. In the intervening time, 
two changes in retort configuration had been made. One was the 
installation of a stainless steel liner, and the other was relo­
cation of recycle distributors to provide a symmetrical arrange­
ment with the air distributor headers. The latter change improved
uniformity of shale flow through the retort (8). Gas rates 
utilized in C1027 were also slightly lower than those used in 
C988 and in Retort No.2. The operability during C1027 and 
C1028 was considered very good, and the process was particularly 
gratifying in its ability to survive major upsets. It was con­
cluded that the changes in retort configuration mentioned above 
were significant improvements to the process and that slightly
lower limiting gas rates were encountered in Retort No. 3 than 
in Retort No.2. Probably the most significant improvement was 
obtained by relocation of the recycle distributors. 
Comparison of the data in Table 3 leads to 
the conclusion that the process with this shale size is essentially
the same in Retort No. 3 as it was in Retort No.2. The slightly 
lower yields obtained in Retort No. 3 are related to the lower 
Fischer Assay of the raw shale and lower gas rates. The lower 
yields would have been predicted by a yield regression equation 
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developed from Retort No. 2 data. Differences in other 
measurements may also be explained by the differences in gas 
rates. Further details of these operations may be found in a 
technical memorandum (9). 
b. Performance With 1/4- to I-Inch Shale 
Satisfactory operation of Retort No. 2 on 
1/4- to I-inch shale was not achieved without difficulty.- The 
retort configuration used was essentially the same as that used 
in BB17; however, to achieve completely satisfactory operations, 
the following process changes relative to operations with other 
shale fractions were found necessary. 
• 	 A new startup procedure was designed. 




• 	 tianual, or constant speed, shale drawoff was utilized rather 
than automatic, because of the exaggerated response of the 
Retort No. 2 shale flow control system. 
After the above changes were implemented, operations in Retort 
No. 2 on this size sha19 were considered good. Y~elds averaging
approximately 90% Fischer Assay at 500 lb/(hr) (ft ) shale rate 
were achieved in Run B969 (7). 
Operation with 1/4- to I-inch shale in 
Retort No.3 also proved difficult. However, after extensive 
experimental work was accomplished, a yield of approximately 
89% of Fischer Assay was achieved at a shale rate of 300 lb/
(hr) (ft2) • 
Operation of Retort N04 3 with 1/4- to I-inch 
shale was initiated on February 15, 1967. The first sevon attempts 
to run 1/4- to I-inch shale failed early in startup and evidenced 
severely ske\'ied temperature patterns (Runs Cl004 through ClOlO) • 
Startup conditions were varied over a wide range in attempt to 
bring the retort on stream. Six of the seven runs ended with 
rather large, generalized clinkering which was center-oriented. 
The retort configuration used during these attempts \-las essen­
tially the same as that employed for the large shale in Runs 
C9BB and C990, with the exception of the air distributor. A 54 
riser air distributor was employed rather than the 36 riser type 
used with the large shale. 
rlodifications to the startup procedure were 
unsuccessful, and it was concluded that changes in process con­
ditions would not be sufficient to gain operability with the 1/4­
to I-inch shale. A number of hardware modifications were investi ­
gated during Runs ClOll through Cl026. These were~ 
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• 	 r1inor changes in air distribution. 
• 	 Ninor changes in shale flow pattern. 
• 	 Improved hardware symmetry by reducing the number of recycle 
distributors from four to three {retained for all future 
retort runs}. 
• 	 Stabilization of the gas/shale ratio in the shale cooling 

zone of the retort by mechanical means. 

• 	 Installation of a stainless steel liner above the air 

distributor {retained for all future retort runs}. 

• 	 Variation of air distributor riser length. 
• 	 Use of dilution gas. 




None of these modifications were sufficient 
to provide satisfactory retort operability. 
A task force was formed by .Mobil Oil 
Corporation to investigate the Retort No. 3 operability problem.
This task force, operating on the theory that shale agglomerates 
(resulting in clinkers) would be formed by the process and that 
every effort should be made to facilitate their passage through
the hardtl1are, made the following recommendations (lO). 
• 	 Use an inert bed for startup to permit heat accumulation 

to occur before charging shale. 

• 	 Use dilution gas and air preheat to reduce localized 
combustion zone temperatures by reducing oxygen concentration. 




• 	 Install a roll feeder spent shale drawoff to crush and 

remove agglomerates which pass through the hardware. 

These recommendations were implemented early in May 1967, along 
with the following two additional modifications. 
• 	 Reorientation of the air headers on an axis perpendicular 

to the direction of the recycle gas headers. 

• 	 Installation of baffles over the recycle gas outlet holes to 
break up the gas jet to alleviate shale particle attrition. 
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These modifications were successful in achieving operability on 
1/4- to l-inch shale in Retort No.3. A new startup procedure, 
using shale, was devised that eliminated the inherent disadvan­
tages of a separate inert bed. Two periods of extended and good 
operation were achieved using dilution gas and air preheat at
2a mass rate of 300 lb/(hr) (ft). The oil yield was, however, 
somewhat lower than desired with an average maximum yield of 
84 vol % Fischer Assay. 
It was judged that the causative factor for 
the low yields was the poor air distribution for 1/4- to l-inch 
shale inherent in the open, streamlined distributor designed to 
provide good shale flow at the expense of gas distribution. A 
modified air distributor with the same number of risers (36 risers)
but utilizing yokes (horizontal transition pieces to connect 
riser to header) to provide more uniform air distribution was 
designed and installed. The more uniform air distribution 
provided by the new distributor was effective in increasing the 
oil yield. Average yield for five-material balance periods was 
88.8 vol % Fischer Assay. Although it is difficult to make a 
definitive judgment based on two days of operation, retort opera­
bility appears to have been decreased as a result of the addition 
of the yokes. r10re details with regard to Retort No. 3 operations 
on 1/4- to l-inch shale are presented in a technical memo­
randum (11). 
A comparison of Retorts No. 2 and No. 3 
results with 1/4- to l-inch shale is presented in Table 4. The 
following conclusions may be drawn as a result of this comparison. 
• 	 Yields obtained in Retort No. 3 were somewhat lower than 
in Retort No.2. A maximum average yield of 88.8 vol % 
Fischer Assay at 300 lb/(hr) (ft2) was obtained as opposed 
to an average 90.2 vol % at 500 lb/(hr) (ft2) in Retort No.2. 
• 	 Based on Retort No. 2 technology, scale-up to Retort No. 3 
was not achieved in the following areas: 
• 	 An air distributor that is nonrestrictive to shale flow 
is required for operability with 1/4- to l-inch shale. 
• 	 With the hardware systems investigated, dilution gas 
was necessary to provide smooth, stable operation. 
• 	 Improved yields can be obtained in Retort No. 3 if more 
uniform air distribution can be achieved without a sacrifice 
in operability. 
• 	 The use of an inert bed to accumulate heat is not necessary 
for a successful startup. By maintaining a low entering air 
temperature (700 to 900 F) a number of consecutive successful 
startups were achieved with shale. 
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Tl>.BLE 4 
STAGE II OPERATIONS WITH 1/4- TO 
Retort No.2 
Run Number B969 
Duration, days -9 
Process Conditions 
Shale Rate, lb/(hr) (ft2) 492 
Air Rate, SCF/T 4,840 
Recycle Gas Rate, (1) SCF/T 12,080 
Dilution Gas Rate, SCF/T 
Fischer Assay, gal/T 27.3 
Bed Height Above Air Distributor, feet 5.5 
Bed Height Below Air Distributor, feet 5.5 
Operating Data 
Offgas Temperature, F 127 
Average.Retort6P, Inches H20/ft 0.81 
Products Recovered 
Oil Yield, vol % Fischer Assay 90.2 
Dry Gas, SCF/T 6,170 
Water Produced, lb/ton 73 
Hineral C02 Decomposition, % 35.6 
Spent Shale Properties 
Fischer Assay, gal/ton 0.0 
Organic Carbon, 'Vlt % 1.55 
Comparison of Predicted and Actual Yields 
Actual Yields 90.2 
Predicted Yields (2) 90.2 
Difference 0.0 
(l)TO bottom of retort 









































































• 	 The necessity of a stainless steel liner in the retorting 
zone, roll feeders for shale withdrawal, and perpendicular 
orientation of air and recycle gas headers was not determined. 
c. Performance With 1/4- to 2 1/2-Inch Shale 
Satisfactory Retort No. 2 operations with 
1/4- to 2 1/2-inch shale were achieved with essentially the same 
retort configuration and process conditions as used in Run B8l7. 
The operability was characterized as only fair to good because of 
high and erratic pressure gradients in the combustion zone. It 
was recognized that operability could have been improved at the 
expense of yield by reduction of the gas rates. Yields averaging 
about 86% ~f Fischer Assay were realized at a shale rate of 500 
lb/(hr) (ft ) in Run B953 (7). 
After substantial hardware modifications and 
revisions to process conditions to create operability, yields
averaging about 82% of Fischer Assay at 500 lb/ (hr) (ft2) ,,,,ere 
realized in Retort No. 3 (Run Cl049) for 1/4- to 2 1/2-inch shale. 
Difficulties were experienced in translating 
the Retort No. 2 operation on 1/4- to 2 1/2-inch shale to Retort 
No.3. The first four startup attempts with 1/4- to 2 1/2-inch
shale l'1ere made with the original retort hardware configuration 
which was tested on 1- to 2 1/2-inch shale, including a yoked, 
36 riser air distributor system. In each of the first four start­
ups (C998 through ClOOl), severely skewed temperatures across the 
retort were observed. This skewness was characterized by hot 
temperatures above and cold temperatures below the air distributors 
on one side of the retort and the reverse (cold over hot) on 
the other side. Although two startup techniques were tried, the 
operation generally deteriorated early (within 4 hours) in the 
transition to 500 mass rate conditions. Clinkers were found in the 
air distributors following three of the first four startups. At 
this stage, it was postulated that the major problem was shale 
and/or gas channeling through the retort hardware. 
A 54 riser air distributor was installed 
during the first week in February 1967. In points of air 
distribution per square foot of retort area, this distributor 
was similar to the one used successfully in Retort No.2. Two 
more startups were made with this system. The first run (Cl002)
utilized the standard startup procedure and failed early with 
a clinker, and retort temperatures were skewed. In the second 
run (Cl003), the startup procedure was the same as that used 
in early operations on Retort No.2, which was basically a high 
gas rate - low shale rate startup. Unfortunately, the end 
result was the same in spite of the different startup procedure. 
Retort temperatures skewed at the very outset, and the run was 
aborted within 8 hours. 
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Successful operation in Retort No. 3 with 
1/4- to 2 1/2-inch shale was achieved with the retort configuration
installed as a result of the Mobil task force proposal for 1/4­
to I-inch shale. Operations initially were conducted at 300 lb/ 
(hr) (ft2) shale rate with dilution gas. However, it was found 
that dilution gas was unnecessary for stable operation; the line 
burner operation was continued in order to provide uniform 
temperatures along the air headers to insure equal flo~ of air 
from each riser. Runs at 300, 400, and 500 lb/(hr) (ft ) shale 
rates were carried out contiguously over a total elapsed time 
of 17 days. Results of these runs are presented and compared
with Retort No. 2 results in Table 5. 
As a result of this comparison, the following
conclusions were drawn~ 
• 	 The hardware changes were effective in establishing process 
operability. Streamlining the air distributor system and 
improvements in shale and gas flow obtained by rotating 
the air headers so they were perpendicular to the recycle 
headers probably provided the most significant improvements. 
• 	 Operability with the 1/4- to 2 1/2-inch shale was satisfactory
2at 	mass rates of 300, 400, and 500 lb/(hr) (ft ). 
• 	 Operability was satisfactory at raw shale Fischer Assay 

levels up to 30 gal/To 

• 	 Dilution gas is not necessary for operation with 1/4- to 

2 1/2-inch shale-.- ­
• 	 The gas rate limitations for this shale size were signifi ­
cantly lower in Retort No. 3 than in Retort No.2. This 
accounts for the lower yields obtained in Retort No. 3 at 
500 lb/(hr) (ft2) shale rate. 
Further details regarding the Retort No. 3 
operation on 1/4- to 2 1/2-inch shale may be obtained from a 
technical memorandum (12). 
3. Review of Scale-Up Problems 
In reviewing the preceding discussion, a pattern 
appears to emerge. When approaching the problem of operation in 
a larger size retort, difficulties were usually encountered. In 
most cases, the problems were solved after some experimentation 
with hardware and process variables. This history, then, could 
lend confidence that problems encountered in moving the process 
to a retort of commercial cross section could be solved by a 
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On the other hand, there are some recognizable 
and disturbing trends in the history of scale-up seen in the 
program at Anvil Points. The first of these is the problem 
encountered with small shale. On Retort No.1, the achievement 
of high shale rate and yield was relatively easy, considering 
the state of technology at that time. On Retort No.2, some special 
measures relative to those employed with other sizes were 
necessary to obtain satisfactory results. On Retort No.3, only
limited success, requiring rather extreme changes in the mode of 
operation, was obtained. 
Operation with 1/4- to 2 1/2-inch shale was 
achieved readily in Retort No.2, whereas in Retort No.3, some 
radical changes in mechanical design and process conditions were 
necessary to provide acceptable operation. The large shale 
size, 1 to 2 1/2 inch, was translated rather easily from one 
scale of operation to another. These trends suggest that on the 
next scale of operations with current technology, 1/4- to l-inch 
shale would be inoperable, and operability with the 1/4- to 2 1/2­
inch shale would be extremely limited, while the large shale 
could be translated to a larger retort with only minor losses in 
operability and yield. 
The difficulty in scale-up of retort technology 
appears to increase as shale size decreases. Furthermore, it 
is reasoned that scale-up problems are related to the increasing 
probability for nonuniformities in shale bed characteristics 
to develop in the greater cross-sectional area. Anomalies in 
void fraction of the bed, due to accumulations of oil and small 
shale particles or to segregation, would be met by channeling
of gas in order to balance pressure gradients over the entire 
cross section. The gas channel thus created could sustain 
itself or even spread in dimensions by sweeping dust and oil from 
its own path and depositing it in the wake of portions of the 
bed having lesser void fractions. A channeling situation, once 
developed, could lead to inoperability by the mechanisms described 
in a subsequent section of the report. 
The tendency to develop gas channeling is believed 
to be accentuated by situations which produce high pressure
gradients. It is visualized that with such situations the bed 
abnormality can exist over a limited elevation of the bed as 
well as a limited cross section and still create channeling
problems. As outlined in a subsequent section of the report, 
pressure gradients above the air distributor are related to shale 
size. Pressure gradients increase as shale size is decreased. 
Pressure gradients also increase as:shale size:range is increased, 
particularly if the range is increased by addition of small 
particles. For this reason, it could be projected that the 
smallest shale particles would have to be eliminated from the 
shale charge in order to proceed to the next scale of operations 
satisfactorily. Elimination of the minus 1/2 inch in addition 
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to the minus 1/4 inch particles from the shale charge would 
materially lower the predicted pressure gradients in either a 
two fraction or one fraction system. Such a revision in shale 
charge might well be necessary in order to permit satisfactory 
operations on a large scale. 
The reasoning presented in previous paragraphs 
is purely speculative in nature. However, this merely illustrates 
the fact that scaling the process in a specific sense (i.e.,
specific shale size, shale rate, gas rate, yields, etc.) is 
not possible with present understanding. Further research 
into the problems and their solutions would be required before 
a commercial venture could be undertaken with confidence. 
c. Postulated Mechanisms in the Operation of the Process 
1. ~1echanisms Influencing Operability 
The cause of operability problems in the Gas­
Combustion process is the formation of massive clinkers, vitreous 
masses of fused rock, which usually lodge in air distributor 
hardware. These masses interfere with shale and gas flow, 
ultimately leading to shutdown of the operation. 
It is postulated that the clinkers are not in 
themselves formed spontaneously from materials within the bed; 
rather, it is thought that there are precursors to the clinkers, 
which have been termed agglomerates. It is visualized that 
agglomerates are formed by the drying out of mixtures of oil, 
shale dust, and shale particles higher in the shale bed. The 
coky residue which results from the redistillation of the oil 
acts as the binding medium for the solid particles. The 
agglomerate so formed later wedges itself into the air distributor 
and is vitrified by the intense temperatures in that region to 
form a clinker. 
The presence of oil appears to be necessary for 
the formation of agglomerates (13). Although dust is not a 
necessary ingredient, it very likely promotes formation of agglom­
erates since less binding material is needed to fill the inter­
stices of larger particles. The presence of dust and oil in 
the shale bed has been established in various retort and 
auxiliary studies. These and other factors bearing on operability 
are discussed in more detail in subsequent sections. 
a. Mist Impaction 
In model studies, it has been shown that oil 
mist produced in the process will impact on shale particles. The 
degree of impaction is dependent upon gas velocity, mist particle 
size, and shale particle size. In extreme instances with high 
31 
gas velocities, impaction rates can be so great as to induce 
flooding, which accentuates impaction further by 9roducing a 
scrubbing action (14). Furthermore, oil has been drained from the 
shale bed of operating retorts (13). Thus, there is ample
evidence that oil exists in liquid form in the retort bed. In 
some situations, the quantity of oil present is sufficient to 
cause operability problems. 
b. Dust Production and Accumulation 
The retorting of shale under conditions 
imposed by the process is accompanied by decrepitation of the shale 
such that substantial quantities of very fine solid particles are 
produced. This fact has been firmly established in a number of 
retort studies (15, l6). These studies also indicated that 
fine particles tend to accumulate to an equilibrium level in 
the high velocity region above the air distributor. This 
observation has been supported by mechanical model studies (8). 
Dust produced in the process is effectively
screened from the offgas by oil-wetted shale (8). However, it 
is visualized that massive encroachments of dust into the oil 
condensation zone can lead to greater mist impaction by adversely 
affecting shale particle size. The combination of dust, oil, 
and shale particles thus produced can then lead to agglomerate 
formation. 
c. Agglomerate Formation 
A series of experiments in regard to 
formation of agglomerates was carried out in laboratory apparatus
(13). Simple retorting of minus 4 plus 8-mesh shale in a glass 
tube and muffle furnace with a nitrogen purge did not result in 
appreciable agglomeration. However, when oil was repeatedly
refluxed into the shale in the absence of a nitrogen purge at 
temperatures of 800 to 1200 F, hard agglo~erates of particles, 
bound together by shiny black coke, were formed. At temperatures
between 600 and 800 F, the end product was a tarry, plastic, 
cohesive mass. 
From these experiments, the following con­
clusions were drawn: 




• 	 The strength of the agglomerate increases with the number 

of redistillations of the oil. 

• 	 Temperatures of 800 F or greater are necessary to form hard 
agglomerates. At lower temperatures, only plastic-like 
masses are formed. 
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d. Clinker Formation 
Early laboratory experiments shO'l.·1ed that 
shale particles will vitrify and form clinkers at temperatures 
in the order of 2000 to 2100 F (17). Further experiments showed 
that vitrification could be accomplished under a variety of con­
ditions of oxygen concentration and initial shale temperature (13). 
~'Jhen agglomerates and shale were treated at 21% oxygen concentra­
tion ( a condition existing at an air inlet) clinkers were formed 
with initial shale temperatures as lo~~ as 1250 F, after an exposure 
of 15 minutes. The temperature necessary for fusion of the 
inorganic matter was apparently generated by combustion of the 
organic matter present. At 5% oxygen concentration, initial 
temperatures above 1500 F are required to vitrify the inorganic 
matter. Exposure of a large amount of shale to these conditions 
is likely to be met in an operating retort only if shale agglom­
erates are lodged in the air distributor. Examination of massive 
clinkers produced in Retort No. 3 suggests a similar conclu­
sion (13). 
e. Effect of Retort Cross Section 
Difficulties induced by the mechanisms 
described above appear to be accentuated by increasing retort 
size. It is visualized that in a bed of small cross section, 
development of localized anomalies is iMprobable. On the other 
hand, in a large retort bed, an anomaly is probable and furthermore 
can be self-aggravating. For example, a localized liquid accumu­
lation can act as a mist scrubber, thereby increasing liquid 
accumulation in that region. Or, an accumulation of fine particles 
can partially block gas flow, creating localized channeling. 
Deposition of more dust in the l~ake of the blocke6 region, or 
flow of liquid into the low velocity dOvmstream portion could 
occur, thus accentuating the problem rather than correcting it. 
Poor operations in Retort No. 3 T,\1ere often characterized by 
severe temperature distortions, indicating that channeling of 
shale, gas, or both was occurring. 
f. Flowability of Heate~ Shale 
Another phenomenon may be of significance in 
the operability of the process. Bench scale studies (18) showed 
that fine raw shale tended to decrease its ability to flo\'" Ii';rhen 
a stagnant bed 'vas first heated and then allmJed to flo\,1 through 
a restriction. The flow rate decreased markedly at a temperature
of 650 F and continuous flow could not be established at 800 F. 
Strangely enough, spent shale particles exhibited the same trend 
although not to be same degree, since continuous flow could be 
established regardless of tem~erature. 
Presumably, the effect described is due to 
the increased stickiness of the particles caused by conversion of 
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kerogen to bitumen. Whatever the cause, it is illustrative of 
the fact that heating stagnant raw shale, whether advertently or 
inadvertently, is not good practice in retorting. 
2. r1echanisms Influencing Yield 
Colorado oil shale contains sufficient organic 
matter to yield oil in quantities approximately 140% by volume 
of that recoverable by Fischer Assay. The Gas-Combustion process 
is limited in attainable yield far below this level by a number 
of factors, which are listed in relative order of importance below: 
• 	 Loss of light hydrocarbons in product gas. Large volumes 
of gas produced allow substantial losses of hydrocarbon at 
very dilute concentrations in the gas. These concentrations 
are determined by vapor-liquid equilibria at the condensation 
temperature and pressure. 
• 	 Loss of liquid product through cracking caused by rapid 
shale heating. Oil produced by kerogen decomposition 
is subjected to high temperatures within the particles and 
in the surrounding gas, causing degradation to gas and 
coke. This loss is variable ana dependent on process 
conditions, including shale size. 
• 	 Loss of liquid product through cracking induced by oil or 
dust refluxing. This loss is believed to be of very minor 
significance in good operations. 
These factors limit maximum attainable recovery 
to the level of about 93% ral'l shale Fischer Assay. These phenomena 
and other factors which influence oil yields are discussed 
in more detail in subsequent paragraphs. 
a. Loss of Light Hydrocarbons in Product Gas 
Bench scale studies (18) have shown that 
increased oil yields are obtained at reduced pressures; however, 
product recovery is more difficult at these pressures, and it 
is necessary to increase the efficiency of the recovery system 
to realize the potential yield advantage. This result had been 
anticipated because the lower pressures vlould facilitate thermal 
decomposition of the kerogen and distillation of the retorted oil, 
thereby reducing the degree of product degradation which occurred. 
The experimental data, summarized in Figure 2, offer strong 
support for this theory, especially in the range from atmospheric 
pressure to 40 mmHg where a linear relationship between yield
and log of pressure is obtained. The deviations observed at 
10 mmHg are believed to be due to the increased difficulty in 
























EFFECT OF RETORTING PRESSURE AND CONDENSING TEMPERATURE 











The effect of primary condensing temperature 
is also readily apparent from this plot. As condensing tempera­
ture was raised, oil recovered in the primary condenser decreased. 
However, in each case, sufficient oil was recovered in the second­
ary condenser to maintain total oil recovery constant at any 
given pressure. 
Oil partial pressure in the Gas-Combustion 
process is approximately 10 mmHg, and the minimum condensing 
temperature available by heat transfer to cold shale is approx­
imately 130 F. Under these condensing conditions, even with 
ideal retorting conditions, very significant losses of hydro­
carbons occur in the product gases. Additional losses of these 
materials may occur through exposure of these hydrocarbons to the 
combustion zone in recycle gas, where they may be burned or 
cracked, to yield fixed gases and coke. The fact that yields
above the 93% level have not been obtained is therefore due 
primarily to the inefficiency of the conventional recovery system 
for recovering light hydrocarbon vapor produced in the process.
This position is strongly supported by the cold-trapping experi­
ments on the recycle gas streams of both Retorts No. 2 and No.3. 
Analyses of these streams consistently shm".red condensible hydro­
carbon concentrations equivalent to 20 to 25% yield (19). 
The potential yield advantage indicated by 
these results generated considerable interest in the requirements 
for recovering naphtha from the gas stream, and a detailed eval­
uation of potential recovery schemes was made. None of the 
schemes studied was found to be economically feasible because of 
the large volumes of gas to be processed (19). 
b. 	 Loss of Yield Through Rapid Heating of Shale 
Particles 
A shale particle subjected to an environment 
of rapidly r1s1ng temperatures may not be completely retorted 
before excessive temperatures are reached. Thus, the oil product 
of kerogen decomposition will be subjected to cracking, with 
consequent degradation to hydrocarbon vapors, not recoverable 
in the condensing system, and coke. DifficultIeS in complete 
retorting of shale are increased with larger particles, where 
large intraparticle temperature gradients are likely to exist, 
with center temperatures of the particles being substantially 
lower than surface temperatures. 
The Gas-Combustion process, in contrast ,..li th 
other retorting processes, inherently generates extremely high 
localized gas temperatures (in excess of 2000 F) at the combustion 
zone. Thus, for maximum oil recovery, kerogen contained in the 
shale particles must be decomposed before these excessive 
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temperatures are reached. The heating environment (temperature 
profile) to which the shale particle is subjected and the particle 
size governs the extent of decomposition which occurs at moderate 
temperatures. The temperature profile (temperature versus 
elevation in the bed) generated in the process is in turn governed 
by process conditions. The effects of the process variables on 
shale heating rates have been calculated using a computer simula­
tion of the process designed by Mobil Oil Corporation. Effects 
of the process variables on shale heating rates calculated by 
means 
rates 
of this fiathematical t40del together with effect of heating 
on yield are discussed in subsequent sections. 
(1) Effect of Retorting Time-Temperature
Relationship on Yield'. 
Available data on various retorting 
processes indicate the effect of shale heating rate on yield.
Those processes which heat the shale slowly, thus providing 
longer residence times at moderate temperatures, have higher oil 
yields than the Gas-Combustion process, which at best heats the 
shale rapidly and exposes it to very high peak temperatures (20). 
Yields for the Royster and Gas Flo", 
processes, which have slow shale heating rates, are in the 
neighborhood of 100 vol % of Fischer Assay, whereas yields from 
the Gas-Combustion process are only 80 to 93% of Fischer Assay.
Calculations for a typical situation have shown that 30 to 35% 
of the kerogen is decomposed in the Gas-Combustion process at 
shale temperatures above 950 F, while with the other processes
conversion is complete at this temperature. 
(2) Effect of Particle Size on Yield 
The mean shale temperature is only an 
index to the temperatures that shale oil is expoced to before 
removal from the system. A temperature gradient exists across 
the particle with gas heated processes. The gradient varies 
with the shale rate, gas rate, gas properties, and particle 
size. The temperature gradients from several P1athematical Hodel 
runs at 300 and 700 lb/(hr) (ft2) shale rate and l-inch and 3-inch 
particle size ",ere correlated and reported in a monthly progress 
memorandum (20). This correlation shows that surface temperatures 
can be 50 to 60 F higher than the ~ temperatures (the mean 
temperature is approximately equal to the surface temperature 
minus 1/2 of the temperature gradient). Furthermore, intraparticle
gradients increase as shale rate is increased. Therefore, shale 
oil from decomposed kerogen must pass through a temperature 
zone which is hotter than either the mean shale temperature 
or kerogen decomposition temperature. This effect is more pro­
nounced for larger particles. Data available on the yield for 
several particle sizes of shale charged to the Royster retort 
confirm that increased temperature gradients due to particle size 
~ detrimental to yield. 
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(3) 	 Calculated Effects of Process Variables 
on Retorting Time-Temperature 
Relationships 
Calculations and observations presented 
.in the preceding section indicate that oil yield from the Gas­
Combus~ion Retort is significantly affected by retorting time­
temperature relationship. The retorting time-temperature relation­
ship is in turn a function of the process variables. A summary 
of Hathematical Hodel calculations is presented in Table 6 to 
illustrate these effects. In this table, the residence time of 
the shale between gas temperatures of 800 and 1000 F has been used 
to denote the rate of shale heating.' Long residence times in this 
zone indicate slow heating rates, while short times indicate 
fast heating rates. The results of calculations of kerogen
decomposition are also shown. Discussion of the effect of process 
variables on both these facto~s is presented in following sections. 
(a) Particle Size 
As "Till be noted from Table 6, 
large particles generate slower heating rates above the air distrib­
utor than smaller particles because of the effect of peripheral 
surface area on heat transfer rates. As a result, the retorting
residence time at moderate gas (an~ shale) temperatures is much 
longer for the large particles. HO\'lever, it should be remembered 
that large particles require much longer residence times for 
efficient retorting because of the greater temperature gradients 
within them. These facts are evident from comparison of the 
calculations presented in the first t\'10 columns of Table 6. . 
The residence time viith the large particles, other conditions being 
constant,' is much longer because of the slo""er rate of heat trans­
fer1 however, conversion of kerogen is still not complete at 
950 F shale temperature because of the additional requirement 
for residence time imposed by the large particles. 
(b) Shale Rate 
The effect of shale rate may be 

seen by comparison of the third and fourth columns of Table 6. 

Lower retorting residence times and kerogen decomposition at 

moderate temperatures are predicted for increased shale rates. 

(c) Gas Rates 
The effect of gas rates on retorting
time-temperature relationships are shown in the last three columns 
of Table 6. At constant shale size and shale rate, retorting 
residence times and kerogen decomposition increase progressively 
as gas rates are increased. 
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TABLE 6 
CALCULATED EFFECTS OF PROCESS VARIABLES ON RETORTING TIME-TEMPERATURE RELATIONSHIPS 
Effect of 
Process Conditions 
Shale Size, inches 
Shale Rate, 1b/(hr) (ft2 ) 
Air Rate, SCF/T 
Recycle Gas Rate, SCF/T 
Results 
Retorting Residence Time 
(800 to 1000 F), minutes 
Kerogen Decomposed @ 950 F 
Mean Shale Temperature, % 
Shale .size Shale Rate 






















































(4) 	 Effect of Shale Size Range on Retorting 
Residence Times 
Crushed raw shale, or a fraction thereof, 
contains a distribution of particle sizes. Two shale size 
parameters were used in the retorting program to characterize 
raw shale fractions as to average particle size. One of these 
is the surface mean particle diameter, Da, which was calculated 
from screen analysis of the raw shale using the follo\Jing 
expression~ 
i = 1:1 
L 
 ,~ . 
hJ. 
i = 8m 
Da = I = M 
~ 8m *i = 
Where: Xi = weight fraction on screen of screen size i. 
di = characteristic diameter of material retained 
on screen of screen size i. 
Subscripts 8m···.i·.·.M indicate screen size. 
The average particle size, expressed in the above way, was found 
to be related more readily to surface oriented phenomena such as 
gas to solid heat transfer, pressure drop, etc. 
On the other hand, it was found that 
phenomena such as intraparticle heat transfer, and thereby 
kerogen decomposition, are more related to the volume or weight 





i = 8m 

The ratio of these t\'10 parameters, DvIDa, is one expression of 
the width of the shale size distribution in a fraction of crushed 
shale. 
As pointed out in earlier discussion, 
the shale particle size has a very substantial effect on the 
temperature profile generated. Large shale produces long 
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retorting residence times. However, when mixtures of small 
particles and large particles are retorted, the temperature
profile generated is influenced strongly by the small particles. 
Retorting wide range shale exposes large shale particles to 
rapidly rising temperatures. This performance of the wide range
shale is not surprising when it is recognized that the heat 
transfer is controlled by the surface mean particle diameter (Da) 
which recognizes that the surface area is inversely proportional 
to the diameter of the particle. Thus, the small particles in 
wide range shale have a much larger effect on the temperature 
profile than the larger particles. In addition, the ability of 
particles in wide range shale to compact and reduce the void 
fraction further increases the surface area per cubic foot of 
bed. The short residence times which result are not sufficient 
to effect efficient retorting of the larger particles. Calcula­
tions in regard to this factor, termed the shale size range 
effect, are outlined below. 
To further the understanding of this 
phenomena, the gas temperature profile generated in an actual 
run on Retort No. 2 when retorting 1/4- to 2 1/2-inch shale was 
used to calculate the corresponding shale temperature profiles 
for 2 1/4-inch, I-inch and 1/2-inch particles in this shale feed. 
Results ,,,ere reported in a monthly progress memorandum (21). The 
I-"lathematical Hodel was used to make the c.ifferential calculation 
required. Results of these calculations show that, although the 
1/2-inch particles are heated at a rate ':,/hich will remove most 
of the kerogen before it travels into the combustion zone, the 
2 1/4-inch particles do not reach the retorting temperature of 
800 F until they are nearly at the air distributor. About 10% 
of the shale feed is 2 1/4 inches or larger. Only about 20% 
of the kerogen contained in these particles has been decomposed 
before the shale reaches the air distributor. Thus, tile majority 
of the oil reacted from the large particles in wide range shale 
must pass through a zone of 1600 F or hotter. This effect causes 
substantial yield loss when wide range shale is retorted. 
Retorting narrow size ranges, on the other 
hand, tends to generate retorting residence times more in keeping 
with the requirements for the particle size being processed. 
c. Loss of Yield by Oil or Dust Refluxing 
(1) Retorting in the Presence of Fines 
A rather extensive study was made to 
determine the effect of oil/fines interactions on oil yiel~. 
This study was initiated to explore the theory that oil and/or 
fines refluxing in the Gas-Combustion Retort is a yield loss 
mechanism. Fines used in these studies were prepared from raw 
shale, pilot retort spent shale, and Fischer retort spent shale. 
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Both pilot and Fischer retort spent shales were studied because 
the material from the pilot retort was subjected to high tempera­
tures and burning while passing through the combustion zone, 
whereas that from the Fischer retort was heated only to ~935 F. 
It was thought that this difference in exposure might have a signif­
icant effect on the activity of the materials. Chemically, the 
spent shales differed mainly in organic carbon content, the 
Fischer retort material containing 15% more organic carbon. This 
is to be expected since the coke formed in the Fischer retort is 
not burned. Slight losses in yield were shown for retorting raw 
shale in the presence of each of these materials, with the effect 
of Fischer Assay spent shale fines being most pronounced (18). 
(2) Recovery of Oil From Oil/Fines Mixtures 
The second phase of the program studying 
the effect of oil/fines interaction on oil yield was focused on 
the oil revaporization process in the Gas-Combustion Retort. Bench 
scale simulation of this process involved distillation of oil 
from prepared mixtures of oil and fines. These experiments 
showed that oil losses due to cracking are obtained when recovering
oil from oil/fines mixtures at either atmospheric or reduced 
pressures (18). 
Studies made at atmospheric pressure
indicated that oil recovery is apparently unaffected by the 
presence of raw shale fines or inert material. However, spent
shale fines from both the pilot and Fischer retorts promoted
cracking of the oil, resulting in a 2 to 3% loss of the oil 
revaporized and in increased coke ana gas production. 
The reduced pressure experiments were 
designed to simulate actual operating conditions in the oil 
revaporization zone of the pilot retort with respect to oil 
partial pressure, oil/fines ratios and fines type. Laboratory 
vacuum distillation equipment was used for this study and the 
runs were made at 10 rnrnHg with mixtures of pilot retort oil and 
Fischer retort spent shale fines. Results of these tests showed 
significant losses when oil was revaporized either with or without 
fines present, although higher losses were sustained when the oil 
~las revaporized from oil/fines mixtures. 
d. Effect of Shale Fischer Assay on Yield 
It is believed that losses of oil in the 
process by various mechanisms, such as vapor in the offgas, oil 
cracking by way of refluxing, etc., tend to be somewhat constant 
in terms of gallons per ton of shale charged. This fact, if true, 
would result in higher yields for richer shales even though 
process conditions are constant. 
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Strong support for the above postulate has 
been provided by a special pilot retort study (22). Significant 
conclusions drawn as a result of this study are as follows: 
• 	 Oil yields increased from 83% to 90% of Fischer Assay as 
raw shale Fischer Assay increased from 19 to 36 gal/T, even 
though process conditions were held constant. 
Yield loss (below Fischer Assay) remained constant at 
approximately 3 1/2 gal/T of raw shale regardless of the 
shale assay being charged. 
From these results, it has been concluded that raw shale Fischer 
Assay has an appreciable effect on oil yields in any retorting
situation. 
D. Process Factors Affecting Operability and Yield 
1. Influence of Process Factors on Operability 
The bearing of process variables on the mechanisms 
which influence operability is a complex interplay of competing 
phenomena. The subject is incompletely understood at the current 
state of development: there appear to be many interactions between 
the process variables which have not been defined quantitatively. 
Certain relationships of process factors to the postulated 
mechanisms were either inferred from retort operations or developed
in auxiliary efforts. These relationships are discussed in succeed­
ing sections. 
a. Gas Rates 
Increased gas rates obviously increase gas
velocities in the retort. As determined by mechanical model 
studies (14), increased gas velocities increase impaction of 
mist on shale particles. 
Increased gas velocities also provide more 
energy for holdup of shale fines in the retort. As pointed out 
in earlier discussion, the most critical region (highest gas
velocity) is the combustion zone, where the temperature is 
highest. Mechanical model studies (8) confirmed the effect of 
gas velocity on dust holdup. 
Increased gas to shale ratios decrease gas 
cooling rates by influencing the temperature profile generated
in the process. Data and a correlation (14) on mist size during 
retort operations indicate that decreased gas cooling rates 
increase mist size developed in the process, thereby increasing
mist impaction. Oil refluxing appeared to have been encountered 
at very large mist sizes. 
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Finally, increased gas velocities increase 
pressure drops. As mentioned earlier, it is believed that increased 
pressure drops increase the potential for gas channeling, which 
would further aggravate the basic mechanisms outlined above. 
In any event, experience with the process in all of the retorts 
indicated that the process is gas rate limited~ i.e., for any
given situation operability failure could alwa~s be induced by
raising gas rates beyond some value. The spec1fic gas rate 
limitation appears, however, to be a function of the other process 
variables, as well as the mechanical design. 
b. Shale Rate 
The bearing of shale rate on operability 
appears to interact in a very complex way with gas velocity. 
At a given gas velocity, increased shale rate causes a decrease 
in pressure dfop above the air distributor as shown in a later 
section of th1s report. Thus, it may tend to counteract in some 
measure the influence of gas velocity, when gas to shale ratios 
are maintained constant. Increased shale rates increase gas 
cooling rates even at constant gas to shale ratios, which would 
be predicted to decrease mist size and impaction, particularly 
at constant gas velocity. 
The net result of the interactions of shale 
and gas rates is that theJmaximum operable ~as to shale ratio 
is relatively constant, rather than the max1mum-gas velocity 
oeing constant, as might be expected. Furthermore, operable 
gas to shale ratios decrease SlOWl~ as shale rate is increased, 
with consequent losses in oil yieI s. 
c. Shale Size 
Decreasing shale size increases mist impaction 
(14). Conversely, decreasing shale size enhances heat transfer 
and gas cooling rate, thereby decreasing mist size and impaction.
These factors are counteracting in determining the influence 
of shale size on the tendency of the process towards oil refluxing. 
Decreasing shale size increases pressure drop. 
As suggested previously, this factor may explain the more difficult 
scale-up problems with small shale and the lower gas rate limita­
tions encountered with small shale. 
Combustion rates with small shale are higher
because of the higher peripheral surface area which exposes more 
of the carbon in the shale. Penetration of injected air is 
lower (8). These factors create more intense combustion with 
small shale and create the need for more uniform air distribution. 
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Small shale has more points of contact per 
unit volume of bed. Thus, it is conceivable that agglomerates 
can be produced with less dust and oil. 
The net result of all of these factors in 
actual retort experience is that operability becomes more 
difficult to achieve as shale size is decreased. 
d. Shale Size Range 
Increased shale size range causes increased 
pressure drops. As suggested previously, this may explain diffi­
culties of scale-up with wide range shale in Retort No. 3 and, 
moreover, may explain the lower gas rate limitations found for 
it in Retort No.3. 
wide range shales have higher bulk densities 
and, thus, lower void fractions. This factor explains increased 
pressure drops and probably contributes to increased mist impaction.
This factor also indicates that more points of contact between 
particles are present than would otherwise be the case. Also,
the lower void fraction requires less binding material to fill 
interstices. Thus, it would appear that formation of agglomerates 
would be easier with wide range shales. 
The net result of all these factors in actual 
retort experience is that operability is decreased !! shale size 
range is increased, particularly if the-increase in range is 
accompIrshed by the addition of small particles. 
e. Shale Fischer Assay 
Increased shale Fischer Assay increases mist 
loading of the gases in the shale bed and probably increases 
mist impaction and surface condensation of oil. Furthermore, 
increased assay of the raw shale feed is accomplished by increasing 
the population of rich shale particles. Rich particles decrepi­
tate more after retorting and may add to the problem of dust 
accumulation. Retort pressure drops are increased by increased 
raw shale Fischer Assay, as pointed out in a later section of 
this report, thus indicating more accumulation of dust, oil, 
or both in the shale bed. In any event, retort experience led 
to the conclusion that operability becomes ~ difficult !! 
shale assay is increased. 
f. Operability Limits of the Process Variables 
The preceding discussion implies a very complex 
system of interactions between the process variables which determines 
the operability limits in the Gas-Combustion Retort. Insufficient 
data were developed in the program to permit mathematical 
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description of these relationships. Gas rate limitations were 
developed in both Retort No. 2 and Retort No. 3 for a limited 
number of shale sizes at various shale rates. These data are 
presented in Table 7. The limitations found in Retort No.3 must 
be considered most valid, since scale-up proved to be a signifi­
cant factor on some shale sizes. 
g. Other Process Factors Influencing Operabilit~ 
(1) Dilution Gas 
As discussed previously, the use of 
dilution gas to create operability was found to be necessary in 
only one instance; i.e., with 1/4- to l-inch shale on Retort No.3. 
It will be remembered that this feature was included in the riobil 
Task Force proposal to solve the operability problem on this 
fraction. The basic premise of the Task Force proposal was that 
agglomerates would form and be allowed to pass through the air 
distributor by widely spacing the hardware in that region. It 
was thought that dilution gas would be required to moderate com­
bustion temperatures with the small shale. Furthermore, it was 
postulated that there could be an advantage to the use of dilution 
gas in permitting disintegration of the agglomerates by slow 
consumption of the organic matter in them without generation of 
high enough temperatures to form hard clinkers. The exact action 
of dilution gas was not resolved, however, several experiments 
confirmed that with the hardware used it was absolutel~ necessary 
for continued operation with 1/4- to l-inch shale (11). 
(2) Brine Nucleation 
The U. S. Bureau of Mines, in their 
retorting programs, applied brine nucleation in a number of 
instances to solve problems with oil refluxing. The purpose of 
brine addition was to decrease mist size and impaction by providing 
supplementary nuclei during the oil condensation step. 
Because of the Bureau of Mines experience,
brine nucleation was tried in a limited number of instances during 
Stage I of the program. However, no benefits for the use of this 
nucleating agent were found 4 
h. Heat Reguirements 
Heat for operating the Gas-Combustion process 
is supplied by combustion reactions which occur in the bed as a 
result of the injection of air. An excess of fuel, in the form 
of coke and oil on the shale and hydrocarbons in the circulating 
gas, is available for supplying the necessary heat generation4 
Thus, heat generation is controlled by controlling the air rate 
(oxygen) to the process. 
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TABLE 7 
SU~~RY OF PROCESS GAS RATE LIMIT DATA 
Nominal Shale 
Size, Inches Mass Rates 
Retort No. 3 RUns 
Near Maximum Gas Rates 
300 400 500 





1 to 2 1/2 Da, Inches (1) 
Air, SCF/T 
Recycle, SCF/T 




















































• The objective of the process is, of course, to decompose all of the kerogen in the raw shale so as to provide 
• 
the opportunity for maximum oil recovery. In carrying out this 
objective, certain other heat effects necessarily occur which 
in turn set the heat requirements and air rates. Table 8 presents 
a summary showing the approximate contribution of each of these 
effects to the heat balance. More details regarding the nature 
of heat requirements and supplies are presented in Appendix 3 of 
this report and in two technical memoranda (23, 24) • 
As will be noted in Table 8, certain of the 
heat effects in the process are variable. The heats of combustion 
and carbonate decomposition and sensible heat loss with the spent 
shale are also quite large relative to the other heat effects of 
the process. For this reason, the contributions of each of these 
and the factors governing them will be discussed under separate 
headings in succeeding sections. 
(l) Carbonate Decomposition 
Colorado oil shale contains substantial 
quantities of magnesium and calcium carbonates, in addition to 
smaller amounts of sodium carbonate and bicarbonate. At tempera­
tures common in the Gas-Combustion process, all of the above 
compounds decompose to a greater or lesser extent, with different 
heat requirements for each reaction. Also, some of the oxides 
formed may recombine with silica to form complex compounds, thus 
releasing heat. A more exhaustive treatment of this subject may
be found in other publications (4, 25). 
For purposes of heat balance calculations, 
it has been estimated that the averate value of the heat require­
ment for carbonate decomposition is 620 Btu/lb of carbon dioxide 
evolved in the reaction. The amount of carbonate decomposition 
necessary in the process is dependent on other factors, as 
pointed out in subsequent discussion. 
About 5% of the carbonates present in 
shale decompose at temperatures in the range of those required for 
kerogen decomposition. This would appear then to be a limiting 
minimum even for a retort where temperatures can be rigidly
maintained at the minimum level required for retorting. Of the 
remaining mineral carbonates, dolomite in oil shale begins to 
decompose at a temperature of 1050 F and calcite at about 1150 F 
(25). Thus, if shale temperatures in the retort exceed these 
levels, additional decomposition reactions will occur. 
Maximum temperatures attained in the 
Gas-Combustion process are believed to be a function of the 
oxygen concentrations in localized areas, particularly those 
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TABLE 8 
HEAT EFFECTS IN THE GAS-COHBUSTION PROCESS 
Heat Out M Btu/ton RS 
A. R~actions 
1. Kerogen Decomposition 110 
2. Carbonate Decomposition(l) Variable 
B. Latent Heat 
1. Water Evaporation and Desorption 45 
C. Sensible Heats ( ) 
1. Spent Shale 2 Variable 
2. Offgas and Liquid Product 35 
3. Heat Losses plus Unaccounted for Heat 20< 
Heat In 

A'. Reac~ions (3) 

1. Combustion Variable 
B. Latent Heat 
1. Condensation of Water and Oil Vapor 34 
C. Sensible Heats 
1. Recycle Gas plus Air 45 
(1) Depends on amount of carbonates decomposed. 
(2)Depends on recycle gas rate. 




surrounding points of air distribution. Conceivably, with the 
injection of pure air and the types of fuels existing, temperatures 
approximating the theoretical flame temperatures of·· 3000 to 4000 F 
could exist. As a matter fact, gas temperatures in excess of 2000 F 
can be measured readily in the vicinity of an air inlet, and 
temperatures of this magnitude have existed as much as one foot 
away from an air inlet. Thus, the simple act of releasing heat 
at discrete points in the shale bed by injection of air is 
necessarily accompanied by high temperatures and, in some degree, 
carbonate decomposition. This effect could be moderated to some 
extent by improving the dispersal of oxygen in the bed, thereby 
limiting the temperature rise caused by consumption of oxygen. 
Nevertheless, it can be said that with practical air distribution 
systems, some degree of carbonate decomposition is inherent in 
the process. 
There are two aspects to the problem of 
minimum heat requirements. The first is that of combustion sta­
bility. Since the rates of both heat consuming and heat producing 
reactions are temperature dependent, a minimum temperature is 
required in the process to keep heat generation and consumption in 
balance, thereby achieving a stable combustion zone. Limited 
experiments on Retort No. 2 and calculations using the 11athematical 
l-iodel have indicated that combustion stability cannot be sustained 
below temperature conditions which create about 20% carbonate 
decomposition. This level would appear therefore to be the lower 
limit of carbonate decomposition. 
The other aspect of m1n1mum heat require­
ments is that of kerogen decomposition. In certain instances, 
with given hardware systems and shale sizes, it was found necessary 
to increase heat input and, thereby, increase carbonate decomposi­
tion to a level of about 35% in order to completely decompose
kerogen from the spent shale. This requirement was probably 
an indication of nonoptimum air distribution since lack of adequate 
dispersal of heat throughout the cross section of the retort 
was probably the cause of lack of retorting of a portion of the 
shale. 
Satisfactory operations in retorting of 
shale have been carried out with carbonate decompositions of 40% 
or even higher. However there is no real incentive to operate 
at higher levels except in the case where spent shale oil content 
cannot be reduced otherwise. Even in the latter instance, it 
would probably be better to redesign the air distributor system 
to permit operation at lower air rates rather than raise air 
rates indefinitely. Therefore, 40% carbonate decomposition is 
the recommended upper limit. 
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(2) Heat Supplied by Combustion Reactions 
The type of fuel consumed in the process 
cannot be determined directly but may be inferred by examination 
of material balance data. For purposes of heat balance the heat 
generated in the process is therefore related to the products of 
combustion by the following reactions and their corresponding 
heat releases: 
C + 02 ~ C02 = 14,087 Btu/lb of Carbon 
C + 1/2 02~CO = 4400 Btu/lb of Carbon 
H2 + 1/2 02~H20 = 51,600 Btu/lb of Hydrogen 
The type of fuel consumed also appears to vary with the air rate 
as shown in Figure 3. This figure, first presented in a monthly 
progress memorandum (26), indicates that the ratios of the various 
products of combustion vary as the air rate is changed, causing 
the net heat generated by each increment of air supplied to change. 
The net ~eat gen~rat~on realized per SCF of air is also correlated 
versus a1r rate 1n F1gure 3. 
It should be emphasized that these are 
net products of combustion and may not describe precisely the 
actual combustion reactions. As a matter of fact, it is probable 
that some water produced by combustion is subsequently converted 
in a steam reforming reaction with coke or other fuel to hydrogen, 
carbon monoxide, and carbon dioxide. That the foregoing is true 
can be argued from a correlation which shows that hydrogen produc­
tion increases as air rate is increased (26). A logical explana­
tion for this fact is that water made in an initial combustion 
reaction is subsequently converted to hydrogen, carbon dioxide, 
and carbon monoxide by steam reforming. 
The above considerations would appear 
to introduce major uncertainties into the estimated heat release 
in the process. However, it can be shown that, for most conceivable 
reactions resulting in the net combustion products, only minor 
differences exist in the net heat release regardless of the initial 
fuel chosen. 
(3) Sensible Heat Losses With Spent Shale 
The heat requirement of the process 
caused by sensible heat exiting in the spent shale is primarily 
a function of the spent shale temperature since the weight of 
spent shale produced per ton of raw shale input is fairly constant, 
amounting to about 80% of the raw shale weight. In turn, the 
spent shale temperature is a function of a number of variables~ 
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FIGURE 3 
PRODUCTS AND IItl'S OF COHBUSTION - GAS-COMBUSTION RETORT 
o - Retort No. 1 x - Retort No. 2 
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• Height of shale cooling zone. 
• Uniformity of distribution of recycle gas. 
• Shale temperature at the entrance of the cooling zone. 
• Recycle gas rate. 
Based on calculations using Mobil's 
~~thematical Model of the process and observations of the tempera­
ture profiles in the pilot retorts as reported in a technical 
memorandum (27), it has been deduced that the average shale 
temperature entering the cooling zone is fairly constant at about 
1000 F. (The shale cooling zone is defined as that section of 
the retort between the recycle gas inlet and the air inlet.)
with this fact and assuming that sufficient bed height and uni­
formity of recycle gas distribution are available to achieve 
essential equilibration of gas and shale temperatures at one end 
or the other of the cooling zone, the spent shale temperature 
may be determined for any given recycle gas rate by a simple heat 
balance. The spent shale temperature, and sensible heat of the 
spent shale, is therefore largely a function of recycle gas rate. 
The results of calculations of this type are presented in Figure 4. 
Support for this correlation is demonstrated by Mathematical 
1,10dels calculations and actual temperature measurements as 
reported in a monthly progress memorandum (20). 
(4) 	 Air Versus Recycle Gas Rate Re~irements 
Based on the various heat requirements 
described in preceding discussion, the requirements for air rate 
as a function of recycle gas rate for the Gas-Combustion process 
may be calculated by heat balance. The results of such calcula­
tions are presented graphically in Figure 5. From preceding dis­
cussion it will be remembered that the minimum of the band shown 
is that operation required for 20% carbonate decomposition. The 
maximum is the requirement for 40% decomposition. The band 
encompassed by these limits is believed to be the most probable
operating range for the Gas-Combustion retorting process. 
A number of actual experimental points
have been spotted on the figure. These represent some of the more 
successful runs made during the experimental program. As will be 
noted, the position of these points compares very favorably with 
the predicted range. 
i. 	 Startup, Shutdown, and Other Retort Operating
ProcedUres 
(1) 	 StartuE 
The startup of the process may be 
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Anvil Points, the startup was accomplished on raw shale. Because 
stagnant shale tends to agglomerate in the course of heating, 
as discussed in an earlier section of the report, it was necessary 
to flow shale through the retort during the startup procedure. 
Thus, heat supplied during the startup had to be sufficient to 
increase the heat inventory of the bed to its normal operating level 
plus supply heat requirements normally attendant to the proceSSing 
of shale. 
TO meet the above requirement without 
having excessive heat releases in the course of the procedure, 
a method termed the "constant oxygen consumption ll procedure was 
developed (28). As discussed in the preceding section, the process 
requires a given air rate (or oxygen consumption) for a given 
recycle gas rate. Startup was accomplished by selecting an 
oxygen consumption rate slightly higher (say 10%) than normal in 
order to supply heat for increasing the heat inventory of the 
shale bed. Shale and recycle gas rates were held constant 
during the startup. Temperature levels necessary to initiate 
combustion were achieved by delivering air at a temperature of 
about 1000 F to the process at a rate of about 8000 SCF/T. The 
heat for the air itself was supplied by consumption of a portion
of the oxygen in a line burner, using LPG as fuel, thus decreasing 
the oxygen content of the line burner effluent to about 15%. 
Oxygen consumption was calculated during the course of startup
by means of material balances involving the air and vent gas. As 
oxygen consumption increased in the course of the procedure, air 
rate was reduced stepwise until essentially all the oxygen injected 
was being consumed. Details of this procedure are presented in 
the Retort No. 1 Operating Manual. Since startup is a critical 
phase of the operation, certain other precautionary measures were 
also found to be beneficial. The latter are itemized in Appendix
4 of this report. 
Other startup procedures were used during
the course of the research, including one using inert material 
rather than shale; however, it was concluded that these were 
inferior to the constant oxygen consumption procedure outlined 
above. 
(2) Transition 
Because of design problems with the air 
blower and line burner systems, the terminal conditions of the 
startup will likely not be the normal run conditions of the process.
This introduces the problem of transition of the process from 
one set of operating conditions to another, perhaps widely 
different. In the research program it was found advisable to 
accomplish this transition slowly. Observations of shale flow 
indicated that abrupt changes in shale rate of large magnitude 
caused nonuniformities to develop, often leading to massive gas 
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and shale channeling and inoperability. Thus, transitions in 
operating conditions were accomplished satisfactorily by making 
small and essentially simultaneous changes, of the order of 
5 to 10%, in the process variables with the steps separated by 
intervals of an hour or more. A similar process is recommended 
for commercial application. The only other precaution which 
must be observed is that the combination of process variables in 
any of the steps must be within operability limits. 
(3) Emergency Procedures 
The emergency procedures recommended 
for commercial application are those found most satisfactory during 
the research program. In a power failure, for example, all flows 
of shale, gas, and air were shut off simultaneously. When power 
was restored, shale movement was resumed first at the normal rate, 
followed ,dthin a few minutes by resumption of recycle gas and 
air flow, in that order, at the normal rates for these streams. 
This procedure accomplished satisfactory resumption of operations 
on many occasions. 
It would appear that the abrupt resumption 
of operations after a power failure is contradictory to the advice 
given in regard to transitions. However, it must be remembered 
that temperature levels and other conditions of the shale bed are 
a function of the procesS-Variables and, in the case of power 
failure, are consistent with the operating levels being pursued
prior to the failure. On the other hand, transitions of process
variables necessarily induce a shift of conditions within the 
bed. It is the shift of conditions within the bed which must be 
accompIIsned-sIowly. -- -- - ­
It is recommended that other outages of 
equipment of short duration be treated as pouer failures. That 
is, all gas moving and shale moving equipment should be shut 
down until all equipment can be restarted. The operation should 
then be resumed at normal operating levels. 
The maximum length of power or equipment 
outage which can be tolerated with the resumption of satisfactory
operations under the above procedure was not determined, since 
stoppages were generally of short duration. However, on infrequent 
occasions stoppages of up to 45 minutes were experienced and 
completely satisfactory operations later restored. 
(4) Shutdown 
The operation of the process can be 
terminated very simply. All that is necessary to shut down a 
retort is to stop the generation of heat within the bed, which 
can be accomplished by merely shutting off the air supply_ Normal 
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flows of shale and recycle gas are continued, and the heat 
inventory of the bed is gradually reduced by losses of sensible 
heat in the shale withdrawn from the retort. The shutdown may 
be speeded up, if desired, by increasing the shale rate; however, 
if such measures are taken, care should be exercised that tempera­
tures do not exceed allowable limits of shale withdrawal equipment.
The above procedure is continued until all temperatures within 
the retort are satisfactorily low. Recycle gas flow may then be 
stopped and the retort emptied of its contents. 
The only precaution that must be taken 
with the shutdown procedure is that air is not inadvertently
allowed to enter the process. In the absence of tight gas seals, 
this may occur since losses of gas at the bottom of the retort 
will be replaced by leakage of air into the top of the retort. 
A source of inert seal gas may therefore be necessary to assure 
that shutdown is accomplished in the most satisfactory fashion. 
2. Influence of Process Factors on Yield 
As reviewed in earlier discussion regarding
mechanisms, various process factors should have significant 
effects on oil yield. Analysis of retort data has confirmed 
the effect of some of these factors, as outlined in subsequent 
discussion. 
a. Empirical yield Correlation 
Numerous attempts were made to correlate 
retorting data with process variables to determine the effect of 
the latter on oil yield. Most of these were made using linear 
combinations of the variables and their interactions. The most 
successful of these attempts was first used to describe Retort 
No.2 yield data (29). An equation with the process variables 
in the same form, but with new coefficients, was later developed 
from regression of data from both Retort No. 2 and Retort No.3. 
The latter equation was reported in a technical memorandum (27) 
and is reproduced as follows~ 
Y = 113.2 - 34.74Dv - 3.93Dv/Da - 1.75R + 2.20 RDv + 0.283 FA 
Where: Y = oil yield, vol % raw shale Fischer Assay. 
Dv = weight mean particle diameter, inches. 
Da = surface mean particle diameter, inches. 
R = recycle gas rate, MSCF/T. 
FA = raw shale Fischer Assay, gal/T 
It will be noted that the equation developed shows some rela­
tionships that would be anticipated from prior discussion on 
yield mechanisms. Because of the increased difficulty of 
retorting large particles, yield is decreased by increasing Dv 
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(at values of R below 15.8). Yield is also decreased by 
increasing size range (Dv/Da), as would be expected from 
theoretical considerations. Yield is increased by increasing 
raw shale Fischer Assay. Yield is also increased by increased 
recycle gas rate at values of Dv above 0.8. 
The equation fits the body of data regressed 
quite well. A correlation coefficient of 0.926 was obtained, and 
the standard error after regression is ±1.14% Fischer Assay,
which closely approximates the expected accuracy of the individual 
points used in the regression. Therefore, the equation should 
provide reasonable accuracy for interpolation within the limits 
of the data correlated (27). 
Fundamentally, however, the above equation
leaves much to be desired. Some factors which are disturbing 
are listed as follows: 
• 	 The equation predicts increased Yi5l~ as Dv is increased 

at recycle gas rates higher than , oo-sCF/T7 

• 	 The equation predicts decreased yields for increased 

recycle gas rates at values of Dv lower~an 0.8. 

• 	 There is no term which shows the effect of shale rate, 

even though theoretically shale rate has a large effect 

on retorting residence time. 

The above characteristics of the equation do not seem consistent 
with theory. 
b. Semi-Theoretical Approach to Yield Correlation 
Because of the criticisms of the empirical
equation described above, an attempt has been made to develop 
a yield correlation on a more fundamental basis. For the attempt, 
the following form was chosen: 
p k eIn 	p y = - Dva 
trJhere: 	 Y = oil yield, vol % raw shale Fischer Assay. 
P = potential yield, vol % raw shale Fischer Assay. a = retorting residence time, minutes. 
Dv = weight mean particle diameter, inches. 
k, a = constants. 
The potential yield in the above equation is further defined as~ 
P = 100 (1 - ~), 
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where b is a constant and FA is the raw shale assay in gal/To 
The sense of the equation is that the potential yield is 
approached more nearly as residence time is increased, however, 
the approach is more difficult as shale size is increased. 
The relationship of the retorting residence 
time to the process variables may be derived from the temperature 
profile equation as shown in a subsequent section of this report. 
Assuming constant shale bulk density, 




where: Da = surface mean particle diameter, inches, 

R = recycle gas rate, MSCF/T, 

A = air rate, r'1SCF/T, 

M = shale rate, lb/(hr} (ft2), 

in addition to the previous definitions. Therefore, 
ln P = kll Da(R + 1.55A} 

P - y 

MO.3 	Dva 
In developing the correlation, a value of 
2.1 was assigned to the constant b, which is consistent with 
a maximum yield of 93% for an assay of 30 gal/To Regression was 
then carried outtooevelop values for the constants, k" and a. 
The resulting equation, expressed in another form is as-follows~ 
Y = 100 (1 - 2.1\11 _ exp (_ 1.17Da (R + 1.SSA})] 

FA )L MO•3 Dvl •Sl 

The above equation was developed using the same body of data as 
the previous one. Tested against the data, this correlation 
has a slightly higher standard error of ±1.33% Fischer Assay. 
The responses of yield to the process variables are not unlike 
those of the liriear regression; however, these responses are 
more consistent with theory and do not exhibit the disturbing 
anomalies of the linear regression. Thus, even though the above 
equation is slightly less efficient in representing the data, 
it is believed to be more susceptible to extrapolation of the 
effects of process variables on yield, if such an extrapolation 
is desired. 
c. 	 Modifications to Process to Achieve Improvements 
in Yield 
Because of the recognized effect of retorting 
time-temperature relationship on oil yield, attempts were made in 
exploratory studies on Retort No. 1 to increase shale residence 
times at moderate temperatures through modifications to the 
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process. These modifications included: 
• 	 External combustion (with only about 10% of the heat released 
within the bed) to moderate retort temperatures. 
• 	 Injection of hot gas at various levels above the air inlet 
to maintain retorting temperatures over a greater bed height. 
The effectiveness of these measures is illustrated in Figure 6 
and compared with the conventional operation and Fischer Assay 
retorting. Modest gains were made in both retorting times and 
yields as compared with the conventional process: however, since 
the conventional operation was close to the potential yield
using this shale fraction (3/4 to 1 1/2 inch), the gains realized 
would not justify the additional complexity of the operation. 
Applied in a different situation, however, where lower yields 
are generated by the conventional process, these schemes and others 
to improve retorting residence times could prove worthwhile. 
E. 	 Mechanical Design Factors Affecting Operability and 
Yield 
1. 	 Influence of r1echanical Design Factors on 
Operability 
Throughout the retorting research program it was 
found that mechanical design factors had significant effects on 
retort operability. The influence of~ese factors in all cases 
appears to be related to one or more of the postulated mechanisms 
presented in earlier discussion. Discussion of these factors 
and recommendations regarding design practice from a process 
viewpoint are presented in the following sections. 
a. 	 Air Distributor Design 
(1) Horizontal Distributors 
Initial attempts at operation of Retort 
No. 2 were made with horizontal distributors. These were pipes
arranged horizontally in the shale bed, with ports spaced along 
the length oriented so as to inject air downward at a 30 degree 
angle. Spacing of the pipes was based on penetration studies 
made in mechanical models (8, 30). The performance of the 
horizontal distributors was not satisfactory, operability was 
marginal, even at low gas rates, resulting in low yields, and 
the retort tended to clinker easily (31). 
The lack of performance of horizontal 
distributors was postulated to be due to the hold up of spent
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gas velocities caused by the restriction of cross section at that 
point. The cross-sectional area of the bed was reduced by about 
20% by the air distributor members. 
(2) Riser-Type Distributors 
Because of the postulate outlined above, 
a riser-type distributor was installed which consumed only 2% of 
the cross-sectional bed area at the air inlet. The majority of 
the hardware was located in the shale cooling zone below the point 
of maximum gas rates and temperatures. Both types of distributors 
are described in detail in the Technical Management Summary 
dealing with mechanical engineering (3). 
Successful operations were achieved 
with the riser-type distributor, and the same type of design was 
later used with success on Retort No.3 (31). 
Approximate gas velocity profiles for 
identical operating conditions for both horizontal distributors 
and riser distributors are presented in Figure 7. The point 
of maximum gas velocity in both cases is at the air inlet due 
to temperature effects and the additional gas flow introduced 
at this point. However, with the riser distributors gas velocities 
are very much lower than with the horizontal type. The slight
increase in velocity in the shale cooling zone is caused by the 
10% restriction in cross section imposed by the headers from which 
the risers were manifolded. Although this velocity increase is 
not considered serious since it is far below the maximum velocity, 
restrictions in this area should be minimized as much as possible 
to provide minimum interference with both gas ~ shale flow. 
Several other studies were made in 
Retort No. 2 with regard to design variations of riser-type
distributors. Significant findings are itemized below. 
• 	 Air injection velocity was studied because of the possibility 
of dust production through gas attrition of spent shale 
particles. No effect was found at the gas velocities studied ­
20 to 105 ft/sec (31). In other studies, there were indica­
tions that velocities above these levels could contribute to 
dust production (32). 
• 	 Riser length was investigated briefly as a result of an 

unexpected operability failure when 39-inch long risers 

(instead of 2l-inch) were installed to process 3/4- to 

1 1/2-inch shale. It was confirmed that changing riser 

length caused the failure, (33) and it was postulated that 

a subtle influence on shale flow in the retorting zone was 
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firmly establishing the reason for this unexpected result. 
IIr.oreover, the long risers were later used successfully with 
1-	 to 2 1/2-inch shale. 
These experiences serve to illustrate that air distributor design 
is still more of an art than a science. 
Experience in Retort No. 3 shed more 
light on the effect of air distributor design on the process. 
• 	 Operations with 1/4- to l-inch and 1/4- to 2 1/2-inch shale 
indicated that air distributor spacings should be as wide 
as possible, consistent with acceptable yields, so as to 
provide minimum interference with shale flow (11, l2). 
• 	 For the same reason, air distributor horizontal members 
installed perpendicular to each other, such as headers and 
manifolds, should be avoided since such installations create 
nonuniformities of shale flow through the retort. 
Based on all the foregoing e::cperiences, 
the following recommendations with regard to air distributor 
design are submitted. 
• 	 The distributor should be of the riser type. 
• 	 Wherever possible, risers should be mounted directly over 
horizontal headers running the full length of the bed, with 
no intervening manifolds to disrupt shale flow or accentuate 
the possibility of lodging agglomerates. 
Restriction of bed cross section by the headers should be 
minimized so as to provide minimum interference with 
shale and gas flow. 
• 	 Spacing of risers along the headers, between headers, and 
between headers and walls should be in accordance with 
findings in mechanical model studies regarding air penetra­
tions (8, 30) and shale flow through restrictions (8, 35). 
b. Retort Wall Configuration 
(1) Stainless Steel Liner 
Most successful operations in Retorts 
No. 2 and No. 3 were carried out with a stainless steel liner in 
the retort vessel \>1hich began 8 inches above the air inlet and 
extended to the top of the shale bed. There was no indication 
that the liner was absolutely necessary for operability~ rather 
it was installed as insurance to prevent interference with flow 
of shale particles and particle aggregates by the retort walls. 
The frictional resistance of metal is obviously much less than 
that of the refractory brick used for wall insulation. 
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The principal effect of the liner on 
operations may have been due to the slightly reduced gas and shale 
flow rates in the high velocity section near the air distributors. 
In those cases where liners were used, retort capacity and shale 
rate were based on the liner cross section, which was usually
10% less than the unlined area. Thus, shale and gas flows in the 
region of highest gas velocity were 10% less than in an unlined 
vessel. Some measure of increased operability would be expected
from this fact. 
(2) Tapered Retorting Zone 
~!Eost studies ~lere accomplished with 
completely vertical walls in the retorting vessels. However 
it was hypothesized that tapering of the walls inwardly toward 
the top of the vessel at a slight angle would provide freer flow 
for particle aggregates in the retorting zone. A design of this 
type was used by the U. S. Bureau of Mines, and it is used exten­
sively in blast furnace design. Therefore, a short investigation 
of an installation of this nature was conducted in Retort No.2. 
Based on the results of this investigatio~ 
tapering of the walls did not appear attractive. Retort operability 
suffered. Pressure drops were higher than normal in the region 
of the taper, presumably due to the increased gas velocities 
caused by the constriction of the retort cross section. Ilist size 
and loading determinations indicated oil flooding (36). Because 
of these results, wall tapering was abandoned in the research 
program and is not recommended for commercial application. 
c. 	 Location and Orientation of Recycle Gas 
Distributors 
Retort No. 3 operations indicated a definite 
influence on process operability of the mechanical arrangement 
of recycle gas distributors with respect to air distributor 
members. For example, operability with 1- to 2 1/2-inch shale 
sholt1ed a definite improvement when recycle gas distributors ",ere 
placed in vertical alignment with the air headers rather than 
a staggered arrangement (9). The apparent cause of this effect 
is the influence of symmetry of the internals on shale flow, 
as shown by mechanical model studies (8). However, even with the 
symmetrical in line arrangement, the possibility of gas
channeling is created by the slow moving shale zones between 
the air and recycle gas headers. 
Successful operability with 1/4- to 2 1/2-inch
and 1/4- to l-inch shales was achieved with recycle gas distribu­
tors arranged on an axis perpendicular to that of the air 
headers (11, 12). Although this arrangement was not wholly 
responsible for the success, it was believed to be a significant 
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factor. The perpendicular arrangement of recycle gas distributors 
and air headers affords minimum interference with shale and 9as 
flow and therefore is believed to represent t~afest course 
rar-design. It should be recognized that design and construction 
may be more complex with the perpendicular arrangement. 
d. Effect of Drawoff System Design 
The original spent shale withdrawal system
installed on Retort No.3 was of the single-level type (3, 8). 
This system operated well with 1- to 2 1/2-inch shale. 
Later in the Retort No. 3 program, a roll 
feeder drawoff was installed as part of a mass assault on retort 
operability problems. The purpose of the roll feeder drawoff 
was to permit disposal of clinkers and other particle aggregates
if they reached the drawoff system. The roll feeder dra\'loff 
would crush and disintegrate these masses whereas the single-level
drawoff system would not. Thus, it was hoped to prevent diffi ­
culties which might be caused by plugging of the drawoff system. 
Plugging of the drawoff system had not been a problem previously, 
but it was anticipated with the widely spaced air distributor. 
The latter system was used successfully in the operations on 
1/4- to I-inch and 1/4- to 2 1/2-inch shale sizes after Run Cl035. 
Thus, both systems were proven capable of giving satisfactory 
process operations. 
Since roll feeders are more expensive and 
impose more problems of construction and maintenance, the question 
is whether ~ not this device is absolutely necessary for ~atis­
factory operabIIItx with 1/4- to 2 1/2-inch and 1/1- to l-1nch 
shales. There is no-aelinite answer to this quest10n-Since
successful operations were not achieved with either of these 
sizes using the single-level drawoff. For this reason selection 
of the drawoff system to be used must be left to the jUdgment of 
the individual designer. A discussion of the advantages and 
disadvantages of various types of drawoff systems, including roll 
feeders and the single-level system, is presented in the Technical 
Management Summary dealing with model studies (8). 
e. 	 Modifications to Retort No. 3 to Effect 
Liquid Removal 
In earlier discussion, it '{flaS postulated
that the formation of carbonaceous agglomerates in the process 
is the root cause of operability problems in the Gas-Combustion 
process. Laboratory studies cited indicated that coke deposited
by redistillation of oil was a necessary ingredient to the forma­
tion of agglomerates. For the foregoing reasons, a study was 
initiated to attempt to remove liquid from the shale bed, thereby
removing an essential ingredient in the failure mechanism. 
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This concept was first applied in a very 
small retort (3.6-inch diameter) with very small shale. Attempts 
at operating this retort in the conventional way were unsuccess­
ful even at low shale rates. However, when a liquid drainage sys­
tem was installed in the bed, operating at a temperature of 500 
to 600 F, it was found that 50 to 60% of the liquid product could 
be drained from the bed and that operability was dramatically 
improved. Satisfactory ope~ations were conducted at a shale rate 
of more than 900 lb/(hr) (ft ) (13). 
Because of the very encouraging results 
achieved in the small retort, an attempt was made to apply liquid 
removal on Retort No. 3 with 1/4- to l-inch shale. The facilities 
used included cyclones to remove mist from gas as well as a grid
deck to permit liquid drainage from the bed (3). In various 
experiments, liquid disengagement was attempted at various 
temperatures and with different grid designs. Also, removal of 
the cyclones, bypassing of gas around the deck, and routing of 
all the gas up the shale downcomers were tested. 
The application of this principle to Retort 
No. 3 met with limited success. At most only 8 to 10% of the 
oil product was drained from th~ bed in any experiment. Operation 
of the retort at 500 lb/(hr) (ft ) was achieved, and some increase 
in allowable gas rate over that achieved in previous operations 
l,'laS possible. HO\'lever, the deck system used apparently induced 
channeling, and yields were much lower than expected. The project 
was terminated before this concept could be explored fUrther. 
Analysis of this operation has been reported in a technical 
memorandum (13). 
2. Influence of I1echanical Design Factors on Yield 
a. Air Distributor Design 
The basic function of the air distributor 
is to cause a release of heat so as to create a horizontal 
temperature pattern in the shale bed which will result in complete 
retorting of all shale particles. To effect complete retorting 
each particle must be exposed to gas with sufficient enthalpy 
to completely decompose the kerogen within it PkuS supply the 
attendant heat requirements which occur below t e retorting 
temperature. 
The horizontal temperature pattern surrounding 
a point of air injection is a function of shale size for two 
reasons. 
• 	 Horizontal penetration of oxygen into the bed is determined 
by shale size (8, 30). 
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• 	 Heat generation rates at a given oxygen concentration are 

determined by peripheral surface area of the shale, which 

is also determined by shale size. 

Because of the foregoing factors, temperatures in the near 
vicinity of an air inlet are very intense with small shale sizes 
and falloff rapidly as the horizontal distance from the injection
point increases. 
Air distributor spacing requirements were 
not studied extensively in retort operations; however, experience
with the various shale sizes and the distributor configurations 
that were studied led to the conclusion that spacing requirements 
determined in air penetration studies were adequate to achieve 
complete retorting of the shale at reasonable carbonate decomposi­
tions and air rates (31). 
In earlier discussion, it was concluded that, 
from the standpoint of shale flow, it is desirable to have air 
distributors spaced as widely apart as possible. In one instance, 
with 1/4- to l-inch shale on Retort No.3, it was found that 
operability may have suffered when spacings were decreased by 
installation of manifolds (yokes) on the air headers (11). This 
experience indicates that in some instances, in particular with 
small shale sizes, a compromise between optimum air distribution 
and optimum shale flow may have to be reached in order to achieve 
the best balance between operability and yield. 
F. 	 Effect of Process Variables on Temperatures, Bed Heights, 
and Pressure Drop 
In previous discussion, the importance of the temperature 
profile achieved in the operation of the Gas-Combustion process,
and therefore of the factors which govern it, has been shown. 
For that reason, attempts at rigorous solution, such as Mobil's 
Hathematical }1.odel, of the heat transfer phenomena in the process 
will probably be continued. Certain assumptions, however, are 
inherent in all of the rigorous approaches to the problem 0 There­
fore, to provide guidance, based on actual data generated in the 
research program, for these assumptions, an initial effort has 
been made to develop an empirical equation which will predict gas 
temperature profiles above the air injection level in the Gas­
Combustion Retort. 
As also outlined in previous discussion, the pressure 
gradient generated in an operation may bear a relationship to 
operability. Therefore, correlations of retort pressure drops
in terms of process variables have been attempted. Correlations 
regarding temperatures, required bed heights, and pressure drops 
for the process are presented and discussed in subsequent sections. 
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1. 	 Effect of Process Variables on Temperature 
Profiles A60ve the Air Distributor 
The vertical temperature profile generated in a 
given operation has a significant influence on the oil yield 
achieved. For this reason, an attempt has been made to correlate 
retort temperature data versus process variables. The following
equation was developed (27) ~ 
Log T = 3.190 - 199.3 H 

(Oa) (r;I) 0.7 (R +1.55A) 

Where: T = temperature, of. 
H = elevation above air inlet, feet. 
Oa = 	surface mean particle diameter, inches. 
M = raw shale rate, lb/(hr) (ft2). 
R = recycle gas rate, r·1SCF/T raw shale. 
A = air rate, MSCF/T raw shale. 
The correlation coefficient for this equation is very high,
(0.949) and it appears that much of the lack of fit which exists 
is probably due to difficulties in accurate temperature measure­
ments. The predicted influence of the various factors - shale 
particle size, shale mass rate, and gas rates - also 
appear to be consistent with the relationships expected from 
theoretical heat transfer phenomena. 
a. 	 Retorting Time-Temperature Relationship 
The temperature equation developed is useful 
in obtaining an estimate of the retorting residence time as a 
function of the process variables. Retorting residence times 
at gas temperatures between 800 and 1000 F may be calculated from 
the following expression as derived from the temperature equation
presented previously. 
a = p (H800o - H10000) = (p Oa (R + 1.55A») (lOg 1000) 
M ~ 199.3 (M)0.3 800 
Where; 	~= shale bulk density, lb/(ft)3. 

a = retorting residence time, hours. 

In previous discussion, it has been shown that this relationship 
is useful in developing a better understanding of the process, 
particularly with regard to yields. 
2. 	 Bed Height Requirements 
a. 	 Above the Air Distributor 
The temperature equation may also be used 
to develop the requirements for bed height above the air 
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distributor. If it is desired to have sufficient bed height 
to achieve an offgas temperature of TO F 1 then the follo'!ling 
relationship applies~ 
HT = (3.190 - log T) (Da HO•7 (R + l.55A» 
199.3 
Because of the tendency to lose hydrocarbons in the product 
gas at elevated temperatures, it is recommended that bed heights 
be designed for offgas tem?eratures of about 140 F, which is 
approximately the minimum achievable in the process. This is 
approximately the dew 90int of water vapor in the offgas, and the 
heat capacity of the raw shale below this temperature is not 
sufficient to reduce the water content of the gas appreciably. 
For the same reason, prediction of temperatures below 140 F by 
means of the equation is not recommended. Use of bed heights 
belo\\1 6 feet, regardless of the requirement predicted, is also 
not recommended. There is some evidence that shorter bed heights 
may enlarge the potential for gas channeling. 
b. Below Air Distributor 
In previous discussion, it was concluded that 
the most efficient heat-utilization cannot be realized in the 
process unless sufficient bed height is avilable in the shale 
cooling zone to achieve equilibration of spent shale and recycle 
gas temperatures. The design of the shale cooling zone be& 
height should be based on the following suggested empirical 
equation (27)= 
HB = 5.5 Dal / 2 
Where: 	 HB = cooling zone bed height, feet. 
Da = surface mean raw shale particle diameter, inches. 
As will be noted, this bed height requirement is not as strongly 
influenced by particle diameter of the raw shale as is the bed 
height requirement above the air distributor. This fact is 
probably due to the decrepitation in particle size, which occurs 
on retorting and tends to decrease the influence of raw shale 
particle size. 
3. Effect of Process Variables on Retort Pressure Drop 
a. Above Air Distributor 
A regression analysis of Retort No. 2 pressure 
drop data was made and reported in a monthly progress memoran­
dum (37). This correlation was found to fit the data subsequently 
generated in Retort No.3 (27). The equation is reproduced below. 
ln OPT = -19.324 + 3.488lnT - 1.504lnM - 1.89Da + 1.05Dv + 0.0641A 
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Where: 6PT ,. (pressure gradient, inches H20/ft) x 10 
T = total gas rate, SCF/hr/ft2• 
M = raw shale rate, lb/{hr) (ft2). 
Da = area oriented raw shale particle diameter, inches 
Dv = weight mean shale particle diameter, inches. 
FA = raw shale Fischer Assay, gal/To 
In another form this equation may be expressed 
as follows: 
6PT = 	(~0.0641FA:\ (el.05DV)(!) 1.504 Tl .984 

\~19.234 ) el.89Da M 

Some comments on the equation, as related 
to theoretical pressure drop concepts, appear to be in order. 
As shown by the above equation, the role played by total gas 
rate (not ratio) appears to be entirely consistent with theory, 
exhibiting an exponent of approxi~ately 2 as would be expected.
Also, the influence of the ratio T/M could be anticipated, if 
it is remembered that the temeeratures of the shale bed are 
influenced by this ratio. EarIier discussion in regard to 
temperature profiles has shown that increased gas to shale 
ratios maintain elevated temperatures over a greater portion of 
the bed height. Since pressure gradient at any given elevation 
is directly proportional to gas temperature, the influence of 
gas to shale ratio on the average pressure gradient seems 
appropriate. 
The influence of shale size factors on pressure 
gradients is not completely unexpected either. From theoretical 
considerations, pressure drops 1ilould be expected to be inversely
proportional to Da. However, the forms in which the shale size 
factors appear, the relative importance of each, and the appearance
of the shale size factor Dv all require some explanation. It 
is postulated that these phenomena occur because of a variation 
in void fraction of the shale when the two size factors are varied. 
It has been determined that shale bulk densities increase as 
shale size range is increased (indicating a decrease in void 
fraction) (35). Based on this fact, pressure gradients would 
be expected to increase as shale size range is increased. This 
trend is confirmed by the equation. 
The influence of shale Fischer Assay on pressure
drop is presumably due to the increased tendency of richer shale 
to decrepitate and produce more fines, thus having an effect 
on the actual Da and shale size fanS! (hence, void fraction)
of the retort oed-.--The effect 0 t s term is quite significant,
since the equation predicts that pressure drop while processing 
30 gal/T shale would be 30 to 40% higher than that for 25 gal/T 
shale. Increased pressure drop by liquid flooding may also play 
a role in the influence of shale assay on pressure gradients. 
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b. Below Air Distributor 
The equation developed for pressure drop 
below the air distributor in Gas-Combustion retorting is as 
follows (27, 37) ~ 
In PB = -9.294 - 0.0543lnR + 1.821 lnM 
Where~ PB = (pressure gradient, inches H20/ft) x 10 
R = recycle gas rate, SCF/hr/ft2 
Lv! = raw shale rate, lb/(hr) Cft2} 
Again, it is convenient in examining the equation to rearrange 
the form as follows;. 
PB = (e- 9• 294)( !_1)1. 82 Rl .77 
, R 
The effect of gas rate alone (at constant ratio of gas to shale) 
appears to be consistent with theory. However, the influence 
of shale to gas ratio requires further explanation. Host of the 
measurements made were obtained at constant bed height; therefore 
the divisor for the total pressure drop below the air distributor 
was constant. It can be demonstrated that, as shale rate is 
increased (thus increasing the ratio M/R), temperatures in the 
shale cooling zone shift so as to become higher at lower eleva­
tions of the bed. This shift causes an increase in the total 
pressure drop (even at constant values of R in the above equation). 
Finally, this increase in total pressure drop (at constant bed 
height) then accounts for the influence of the ratio fVR in the 
predicted pressure gradients. 
It will be noted that there is a remarkable 
lack of influence of the raw shale size parameters and assay on 
pressure gradients below the air distributor. It is believed 
that this fact is due to the decrepitation of shale, which is 
known to occur. Thus, the fine particles created in the process 
(regardless of raw shale size and assay) influence pressure drops 
in the shale cooling zone to such an extent that it is impossible 
to distinguish the influence of raw shale particle size and assay. 
G. Process Limitations and Areas For Future Research 
1. Probable Limitation of Yield 
Based on results achieved in bench scale retorting 
and extrapolation of retort data, it has been predicted that the 
maximum attainable yield from the Gas-Co~bustion process is about 
93% Fischer Assay for retorting 30 gal/T shale. Additional hydro­
carbons, normally liquid, are produced in the product gas, but 
these are not economically recoverable. Because of the interplay
of economic forces, such as overall mining, crushing, and retorting 
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costs, the economic optimum yield probably lies between 85 and 
90% of Fischer Assay, based on all raw shale charged to 
retorting (1). 
2. Probable Limitations of Process Variables 
a. Shale Rate 
Operable shale rates up to 500 lb/(hr) (ft2) 
have been demonstrated on Retort No. 3 for most shale sizes. 
Higher shale rates may be achievable at lower gas to shale 
ratios. However, it is probable that significant yield losses 
would be suffered in retorting at higher shale rates. The~efore, 
the economic maximum shale rate is probably 500 lb/(hr) (ft ) or 
lmoJer, depending on shale size. 
Exploratory studies in Retort No. 1 included 
short p~riods of operation at shale rates as high as 700 lb/
(hr) (ft2). However, to maintain operability, it was necessary 
to lower gas to shale ratios, and yield levels were disappointing. 
b. Shale Size 
Limited research on processing shale less 
than 1/4 inch in size indicated that operability would be 
extremely difficult (38). Subsequent operations on Retort No.3 
also indicated poorer operability for smaller size shale 
(1/4 to 1 inch). As suggested previously, it might be necessary 
to increase the minimum size charged to operate satisfactorily 
in a large-scale retort. For these reasons, the minimum shale 
size at the current state of development must be considered to 
be 1/4 inch or greater. 
The maximum shale size is probably not 
governed by process operability, since increased particle size 
improves operability. Rather the maximum size loJill be governed 
by economics, such as mining and crushing costs, cost of fines 
processing, loss of yield 'ltlith increased shale size, etc. Based 
on economic studies (29), the most probable maximum size lies 
between 2 and 3 inches. 
c. Shale Assay 
Limited studies in small retorts on the 
effect of shale assay indicated increased difficulty of operation 
as shale richness was increased above 30 gal/To Some short-term 
operations were conducted satisfactorily with narrow range 
shales having assays as high as 35 gal/T (22). Experience with 
Retort No.3, however, indicated that operations became unstable 
as shale richness approached 31 gal/T with 1/4- to l-inch 
shale (27). Hm·..rever, satisfactory operations were conducted 
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with both of the most difficult sizes, 1/4 to 1 inch and 1/4 
to 2 1/2 inch, at Fischer Assay levels up to 30 gal/To Based 
on these observations, an upper limit of 30 gal/T raw shale 
Fischer Assay seems reasonable, although it is possible that 
even higher shale Fischer Assays could be tolerated with large 
with the Gas-Combustion process is to provide better under­
shale sizes. 
3. Areas For Future Research 
a. Gas-Combustion Process 
The most pressing need for further research 
a 
standing of the mechanisms which limit operability of the process 
and quantitative description of the bearing of process and 
mechanical design factors on these mechanisms. The knowledge 
gained in this research would permit confident scale-up of the 
process and could possibly lead to modifications which would 
circumvent current process limitations, thereby improving the 
process. 
b. Other Retorting Proces~ 
Many modifications to the basic Gas-Combustion 
process have been proposed as a result of the research at Anvil 
Points. Also, in the long history of shale retorting research, 
many alternate processes have been described and, in some cases, 
evaluated. Some of these ideas are no doubt attractive future 
research projects. Screening these ideas for attractiveness is 
beyond the scope of this report. However, in screening of these 
ideas it is recommended that the potential of each process or 
modification to achieve the following objectives be weighed: 
Increase potential yield, by either primary or secondary 
recovery methods, to approach levels found possible in 
bench scale work. 
• 	 Increase tolerable shale assay to at least 35 gal/To 
• 	 Increase tolerance to small shale. 
• 	 Decrease effect of particle size on yield. 
• 	 Increase operable shale rates, or at least maintain rates 
of 500 lb/(hr) (ft2). 
It is believed unlikely that a vertical shaft kiln process using 
gas as a heat transfer medium will ever prove attractive for 
retorting fine shale (ca. minus 1/4 inch). Therefore, development 
of, or confirmation of, an alternate process to handle this 
fraction is needed. 
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APPENDIX 1 
SU~1ARY OF TYPICAL PROPERTIES OF t1AJOR PROCESS STREAMS 
A. Raw and Spent Shales 
Typical properties of raw and spent shales are present­
ed in Table 9. The differences reflect removal of part of the 
organic matter present in the raw shale plus substantial removals 
of mineral carbonates, nitrogen, sulfur, and moisture. Raw shale 
retorted is a heterogeneous mixture of particles of varying 
kerogen content. Particle densities vary accordingly. Average 
bulk densities of crushed shale appear to vary with particle size 
range. 
B. Product Gas 
Typical analysis of the product gas, which is the s:am.e 
as that of the recycle gas, is presented in Table 10 on both wet 
and dry bases. The analysis presented here is probably somewhat 
in error. Repeated dry ice-acetone trap experiments indicated 
that about 2 lb/HSCF of condensible hydrocarbons in the vent gas 
were not being accounted for by the routine analytical proce­
dures (19). Being heavy hydrocarbons, these have only negligible 
influence on the component analysis shm·m; however, they would 
have a substantial impact on total carbon and hydrogen contents 
and on gas heating value, \',hich is calculated from component 
analysis plus carbon and hydrogen analyses. Because of this 
factor, it is probable that carbon content should be higher by 
about 2 lb/MSCF, the hydrogen content, higher by about 0.2 lb/ 
HSCF, and heating value, higher by about 40 Btu/SCF. 
C. Liquid Product 
As produced from the retort, the liquid product con­
tains about 10% by weight of water, \'i'hich is condensed along with 
the oil in the retort and in external equipment. This fact 
creates the necessity for separation of the water from the oil (39)' 
After separation, the dry oil exhibits the typical properties 
shown in Table 11. As will be noted, the gravity and the 
v1scosities of the oil correspond to those of a heavy crude. The 
sulfur contained in the oil amounts to about 10% of the sulfur 
contained in the raw shale: however, the nitrogen content amounts 
to about 50% of the nitrogen in the ra'l:f.7 shale. Ash contents of 
the oil product are generally low, reflecting the fact that not 
much shale dust is entrained from the retort with the offgas. 
A typical distillation curve for crude shale oil is 
presented in Figure 8. In contrast with Fischer Assay oil, which 
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TABLE 9 
TYPICAL PROPERTIES OF RAl'l AND SPENT SHALES -
GAS-COMBUSTION RETORT 
Raw Shale Spent Shale 
Fischer Assay gal/ton 27.5 0.0 
Fischer Assay 
Component Analysis, wt % 
l'later 2.0 0.4 
Oil 10.5 0.0 
Gas 1.5 0.0 
Spent Shale 86.0 99.6 
100.0 100.0 
Other Analvses, wt % 
Ash 66.3 82.6 
Total Carbon 17.4 6.8 
Mineral Carbonates(l) 17.7 15.4 
Total Hydrogen 1.9 0.2 
Nitrogen 0.4 0.13 
Sulfur 0.6 0.4 
Shale Densities, lb/ft3 
Particle 100 - 150 80 - 120 
Bulk 65 - 75 50 - 60 
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TYPICAL PROPERTIES OF PRODUCT OIL FROM 
GAS-Cm1BUSTION RETORTING 
Gravity, °API 20.0 
Viscosity, SSU @ 130 F 130 
Viscosity, SSU @ 210 F 50 
Pour Point, F 85 
Sulfur Content, \Vt % 0.8 
Nitrogen Content, ,\It % 2.2 
Ramsbottom Carbon Content, wt % 2.0 
0.05 
Carbon, \'It % 84 





TYPICAL DISTILLATION CURVE OF CRUDE SHALE OIL 
FROM GAS-Cm1BUSTION RETORT 
(By ASTM 0-1160 @ 10 rom Hg) 
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has about 10% distilled over at 400 F, the oil produced from the 
retort has little or no material lighter than 400 F. This pro­
bably results from the fact that most of the hydrocarbons within 
this range remain in vapor form with the product gas. More 
detailed analyses of shale oil and its constituents have been 




ISOMETRIC VIEWS OF RETORT VESSELS AND PROCESS 
FLOW DIAGRAMS FOR RETORTS NO.1, NO.2, AND NO.3 
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HEAT EFFECTS IN THE GAS-COMBUSTION PROCESS 
A. Reaction Heat Effects 
1. Kerogen Decomposition 
Decomposition of kerogen to oil, coke, and gas 
becomes significant at 700 F and proceeds to completion at about 
900 F. Heat required for this reaction, for purposes of heat 
balance calculations, has been estimated at 400 Btu/lb of kerogen 
removed, with kerogen being defined as weight of oil plus gas 
obtained by Fischer Assay. Thus, the heat requirement for com­
plete decomposition of kerogen in a shale assaying 30 gallons 
per ton is estimated at 110 U Btu/ton of raw shale charged. 
B. Latent Heat Effects 
1. Water Evaooration and Desorption 
Ra,,,, shale as charged normally contains about 1% 
by weight of water as moisture and a like amount of combined 
water. Heat requirements for vaporization of water are estimated 
at 970 Btu/lb and for desorption of water at 1250 Btu/lb. These 
physical and chemical reactions occur in a temperature range of 
150 to 250 F, much below the decomposition temperature of kerogen 
Therefore, these heat requirements must be supplied in the course 
of retorting shale. 
2. Condensation of t~7ater and Oil Vapors 
A minor source of heat supply for the process is 
condensation of water and oil vapors produced in the reactions 
described previously. Oil is condensed in the retort at tempera­
tures lower than about 700 to 800 F, and the saturation tempera­
ture of the offgas with respect to water vapors is about 140 F. 
Since the raw shale enters the process at about 70 F or lower, 
it is possible with sufficient bed height to condense a substan­
tial portion of oil and water vapors with net heat gains of 
70 Btu per pound of oil condensed and 970 Btu per pound of water 
condensed. In the usual situation, about 200 pounds of oil per 
ton of raw shale are condensed with a net gain of about 14 M Btu. 
Also, about 20 pounds of water per ton can be condensed with a 
net heat gain of 20 M Btu. 
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C. Sensible Heat Effects 
1. Offgas and Liguid Product 
The heat requirements imposed by sensible heata.· 
exiting in the offgas and liquid product are low since exit. 
temJ?eratures are very moderate. If suff~cient bed heiqhtf~e Jl 
ava1.1ab1e, then offgas temperatures are l.n the range of 13l ~eQ' 
140 F. In the normal range of offgas rates, the sensible heat. 
contained in the offgas plus liquid product amount to 30 to 40 • 
Btu per ton of raw shale. 
2. Recycle Gas and Air 
Offsetting the above sensible heat effects are the 
sensible heats contained in the air and recycle gas, which are 
inputs to the process. These are somewhat related to the sensi­
ble heat in the offgas and because of the heats of compression 
are somewhat higher. The normal sensible heats of these streams 
total about 40 to 50 M Btu per ton of shale. 
3. Heat Losses and Unaccounted For Heat 
As pointed out earlier, there are uncertainties 
of a minor nature in calculation of some of the heat requirements 
and supplies for the process. In all pilot operations, there 
were also heat losses from the equipment. In heat balances, it 
was impossible to differentiate between the two. Experience with 
heat balances on Retort No.3, the largest pilot unit, has led to 
the conclusion that heat losses plus unaccounted for heat would 
not amount to more than 20 M Btu per ton of raw shale when using 
the calculation scheme outlined in preceding discussion. This 
assumption should be conservative for commercial equtpm~l~ whA~e 




PRECAUTIONARY MEASURES OBSERVED DURING STARTUP 
Startup is a critical phase of the operation of the 
Gas-Combustion Retort. Certain precautionary measures, itemized 
below, were found to be beneficial to the accomplishment of 
smooth startups. 
• 	 The shale bed was circulated at the startup shale rate 
300 lb/(hr) (ft2) for a minimum of three hours prior to 
firing the line burner. The need for this was clearly 
indicated by shale flow anomalies observed which were 
caused by packing during the filling operationo Drawoff 
of shale was initiated at a low rate during the fill per­
iod for the same reason. 
• 	 The line burner temperature was held at 700 F for about two 
hours prior to raising it to 1000 F. This allowed some pre­
heating of the shale to occur before substantial consumption 
of oxygen in the shale bed was initiated and was found to 
be beneficial on the more sensitive shale sizes, 1/4 to 
2 1/2 inch and 1/4 to 1 inch. 
• 	 If dilution gas was to be used in the operation, it was 
introduced as early in the startup as possible (at a vent 
gas oxygen concentration of 2 to 4%) in order that terminal 
conditions of the startup would more nearly approximate 
final run conditions. 
• 	 A line out period of 4 to 8 hours at the terminal conditions 
of the startup was ordinarily employed in order to achieve 
equilibration of conditions within the retort bed. 
• 	 In phasing out the line burner, effluent temperatures were 
reduced slowly to prevent the sensible heat contained in the 
line burner system from being introduced into the retort 
abruptly along with the heat generation potential in the air 
stream. This precaution avoided the creation of abnormal 
temperatures in the process. 
In adc.ition to the above precautions, it was found 
absolutely mandator~ that the terminal conditions of the startup, 
i.e., air, recycle gas, dilution gas, and shale rates, be within 
the operable limits of the process. 
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